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INTRODUCTION 

Since most mercurial diuretics are structurally 
similar and combined with theophylline, studies 
of Thiomerin sodium—a _ thionated compound 
outside the mercurotheophylline group—have 
special interest for clinicians and investigators. 
Such a study has been recently made abroad by 
Schulze and Franke (1). In evaluating the vari- 
ous properties of Thiomerin, the authors em- 
ployed controlled experimental and clinical meth- 
ods, and used a typical mercurotheophylline agent 
for comparison. 


PHARMACOLOGY 

Schulze and Franke point out that the formula- 
tion of Thiomerin takes into account the detoxi- 
fying effect of substituted sulfhydryl compounds 
on mercurials. In the Thiomerin structure, the- 
ophylline is replaced by a monothiol, the sodium 
salt of mercaptoacetic acid. This factor, accord- 
ing to the authors, protects the heart from mer- 
curial toxicity without impairment of mercurial 
diuresis. Subjects receiving Thiomerin in these 
studies remained completely free of undesirable 
cardiac incidents. 


LOCAL REACTIONS 

In a series of patients to whom more than 600 
subcutaneous injections were given, Schulze and 
Franke found Thiomerin to be remarkably in- 
nocuous locally. No reactions worthy of note 
occurred, In one case, a wheal appeared at the 
injection site, but subsided after three hours. 
Occasionally, a fleeting sensation of local warmth 
followed subcutaneous administration. 


SYSTEMIC SIDE-EFFECTS 

No toxic reactions were observed. The effects 
of Thiomerin on the heart, kidneys, liver and 
blood picture were studied closely. Heart: No 
untoward effects—no sign of anginose reactions : 
of tachycardia, extrasystole, or other arrhyth- 
mias; or of dyspnea, collapse, or electrocardio- 


THIONATED MERCURIAL FOR SUBCUTANEOUS INJECTION 
FOUND TO INDUCE SUSTAINED DIURESIS WITH LOW TOXICITY 


Clinical Report on Thiomerin® Sodium (Mercaptomerin Sodium) 


graphic changes. In additional cardiac investiga- 
tions, 25 subjects with normal hearts each re- 
ceived 2 cc. of Thiomerin intravenously. Electro- 
cardiographic curves, obtained immediately after 
injection and one hour later, showed no deviation 
from those previously recorded. Kidneys: No un- 
toward effects—no sign of albuminuria, casts, or 
hematuria. Hepatic function and blood picture: 
No untoward effects. 


DIURETIC EFFECTIVENESS 

In their studies of fluid loss, Schulze and 
Franke found Thiomerin to be as potent a diu- 
retic as the mercurotheophylline agent tested. 
Thiomerin was administered subcutaneously to 
34 patients with edematous cardiac insufficiency, 
to 3 patients with decompensated cirrhosis of the 
liver and ascites, to 2 patients with the nephrotic 
syndrome, and to 2 patients with ascites due to 
peritoneal carcinomatosis. The dose ranged from 
0.5 to 2 cc., and was governed by the patient’s 
individual response. 

In general, diuresis persisted for three days, 
including the day of injection. A considerably 
increased excretion of sodium was noted, with 
only a slight increase in potassium. To prevent 
a salt-deficiency syndrome, the usual adjustments 
in sodium intake are recommended. 


SUMMARY 

The authors conclude (a) that Thiomerin has 
good local tolerance, lending itself to safe, sub- 
cutaneous injection; (b) that systemically Thi- 
omerin has low toxicity ; and (c) that Thiomerin 
is a highly efficient diuretic. 
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im NEW Beckman Colorimeter soon pays for itself through 
the increased number of readings per operator it makes possible. No 
other colorimeter equals its speed or ease of operation. 

Use of a rugged direct-reading, instantly-responsive meter saves the 
time spent waiting for other indicators “to get to the point” and elimi- 
nates one whole operation common to other instruments. Here are other 
ways in which Beckman speeds colorimetric determinations: 


Sample goes on sloping panel in front 
b of the instrument. No fumbling 
around behind. 


Automatic shutter eliminates need of 
turning off light to check zero point. 


note how 
easily you 
can position 
the sample 


No light shield is required over 
3) test tube. No need to fuss with a 


light cap. 


Pin-point beam accuracy, even 
with unselected test tubes. 


A modern maintenance-free instrument with superior optical system. 


the new 


BECKMAN 
COLORIMETER 


does the 
job in half 
the time 


reduces 
operator 
fatigue 


another 
Beckman 
achievement 


Unaffected by vibrations. Porcelain case is corrosion-proof. Simple 
to clean. Low-wattage lamp does not heat sample. Readings are 


unaffected by room light. 


For additional 


information, see 
your Beckman i 
dealer or write for ; 


Data File 49- 316 


BECKMAN INSTRUMENTS, INC. 
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IN 
USE 
EVERYWHERE 


Steraj ect 


SYRINGE AND CARTRIDGES 


It’s the convenience of the PFIZER unbreakable 
STERAJECT Syringe and the full line of STERAJECT 
single-dose disposable cartridges that make this Pfizer 
innovation a favorite in office, home and hospital 
today. The current formulations of widely used anti- 
biotics and hormones include the following readv-for- 
use cartridges, each with sterile foil-wrapped needle: 


Penicillin G Procaine Crystalline in Aq i 
(300.000 units, 600,000 units and 1, 000, 000 nen 


Permapen’ Aq Suspension (600.000 units DBED . 
penicillin) 

Permapen Fortified Aq i (300, 000 units 
DBED penicillin plus | 300. 000 units procaine penicillin) 


Combiotic® A s ion (400,000 units procaine 
penicillin plus 0.5 Gm. dihydrostreptomy cin) - 


Streptomycin Sulfate Solution (| (¢m.) 
Dihydrostreptomycin Sulfate Solution (| (:m.) 


NOW Pfizer Syntex Steroids in Steraject form: 
Synandrol*— testosterone propionate, U.S.P., in sesame 
oil (25 mg., 50 mg., and 100 mg.) 

Diegyn’-— estradiol, U.S.P., in aqueous suspension (0.25 
mg. and 1.0 mg.) 

Syngesterone’— progesterone, U.S.P., in sesame oil (10 
mg., 25 mg., 50 mg. and 100 mg.) 

Combandrin’— estradiol benzoate. U.S.P., (1 mg.) plus 
testosterone propionate, U.S.P., (20 mg.) in sesame oil 


PFIZER LABORATORIES, FROOKLYN 6.N.V. 
DIVISION, CHAS. PFIZER & CO., INC. 
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For every patient 
with clearcut menopausal 
symptoms such as hot flushes, 
there’s another patient with symptoms less clearly defined 
yet just as distressing . . . headaches, 
insomnia, mental and physical fatigue. 
Her symptoms may also be indicative of declining ovarian function, and occur 
several years before, and even long after, menstruation ceases. 


This patient, too, may be expected to benefit from “Premarin” therapy. 


7 PREMARIN. is a complete equine estrogen-complex. 


It not only produces prompt symptomatic relief, but also imparts 


a distinctive ‘sense of well-being" 
highly gratifying to the patient. It is tasteless and odorless. 
“Premarin,” estrogenic substances (water-soluble), 
also known as conjugated estrozens 


(equine ), is supplied in tablet 


and liquid form. S 
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Simple, RAPID 

Na and K Analyses 
By 

Flame 

Photometry 


Na and K analyses in a few minutes and accurate to 
within | or 2 percent, are standard procedure with the new 
improved Perkin-Elmer Model 52-C Flame Photometer. Not 
an attachment, but a separate, complete installation, the 
Perkin-Elmer Flame Photometer operates by means of either 
direct intensity or internal standard methods. Analyses are 
readily made on blood, food, water, or any substance placed 
in solution. Operation is simple and dependable, results are 
reproducible. 


The Perkin-Elmer Flame Photometer operates wherever 
electricity, compressed air, and propane or acetylene fuel 
are available. Its precision electronic circuits are more rugged 
and dependable than delicate galvanometers. Five ec of fluid, 
including dilution, is needed per determination ; one ce of se- 
rum is sufficient for three determinations of both Na and K 
after dilution. 


Write for complete details 


THE PERKIN-ELMER CORPORATION 
NORWALK, CONN. 


Leading manufacturers of Infrared Spectrometers, Continuous Infrared Analyzer, 
Universal Monochromator, Flame Photometer, Tiselius Electrophoresis Apparatus, 
PD. C. Amplifiers, and other electro-optical instruments for analysis and research. 
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in the treatment of a wide range of Infections due to 
&’am-positive and gram-negative bacteria, spirochetes, 
rickettsiae, certain large viruses and peotosoa, 
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_ tion in fasting or non-fasting State, 
absorption effective serum, (oucentrations of 
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You can now 
get this new 


Centrifuges 


Chemistry Supplies 


Clay-Adams Line 


Microscopy Supplies, 
Slide Boxes, Cabinets 


216 pages—many items Dissecting Kits 
never previously described Surgical & Dissecting In- 


struments 


Instruments for Physical 
Diagnosis 


Make sure your laboratory has a copy of this new, up- 
to-date, 16-page Clay-Adams catalog, listing our com- 
piete line. 


Hospital and Surgical 


Specialties 
You will want to see the numerous new products never Gynecological Instru- 
before listed, as well as the many Clay-Adams items in ments and Specialties 
present-day use, all described and illustrated in careful Catheters, Drains 
detail. Gastro-Duodenal Tubes 
Write us today if your laboratory does not now have a Anatomical Models 
copy—on your letterhead please 


Skeletons, Skulls 


Clay ~f Anatomy Charts, Atlases 
Adam 

Medichromes 
ft (G/ IS Company, Inc. Projectors, Viewers, 


141 East 25th Street New York 10, N.Y. Screens 


CLAY-AD4MS Products Are Available From Local Surgical and Scientific Supply Dealers 
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PROTEIN ANABOLIC STEROID HORMONE COMBINATION 


With Combandrin. the tired. elderly patient lacking the 
metabolic support supplied in earlier years by gonadal 
hormones can often be made stronger, more alert. For- 
mation and retention of protein are promoted, aging bone 
can be given a “new lease” on life, and mental and emo- 
tional reactions may be favorably influenced. More per- 
sons can “live”—not merely exist—in their sixties. seven- 
ties and eighties. For, the overall results of Combandrin 
therapy (balanced androgen-estrogen steroid therapy ) 


in the aged “is a lessening of the degenerative state... 
Kountz, W. B.: Ann. Int. Med. 35:1055, 1951. 


SUPPLIED: Each ce. contains 1 mg. estradiol benzoate and 20 
mg. testosterone propionate in sesame oil, for intramuscular in- 
jection. In single-dose disposable Steraject® cartridges and in 
10 ce. multiple-dose vials. 


Also. Combandrets* — androgen-estrogen combination in con- 
venient tablet form for absorption by transmucosal route. 


PFIZER SYNTEX PRODUCTS 


DIVISION, CHAS, PFIZER CO.. INC, TRADEMARK 
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METABOLIC BALANCE INVESTIGATION OF THREE CASES OF 
MULTIPLE MYELOMA DURING ACTH ADMINISTRATION ; 


EXCHANGES OF CALCIUM, PHOSPHORUS, NITROGEN 


AND ELECTROLYTES 
By WILLIAM S. ADAMS, EARL D. MASON, anp SAMUEL H. BASSETT 


(From the Veterans Administration Center, Los Angeles, Calif., and the Department of Medicine, 


INTRODUCTION 


In the course of some preliminary observations 


on the effect of ACTH in multiple myeloma we 


were intrigued by evidence of substantial decrease 
in the concentration of serum protein and diminu- 
tion of Bence-Jones proteinuria (1). As in other 
forms of malignancy, response to steroid therapy 
has proven somewhat varied in the hands of dif- 
ferent investigators. Pearson, Eliel, and Talbott 
(2) mentioned the inefficacy of adrenocorticotropin 
in plasma cell myeloma. Engle and Barr (3) 
treated three patients with the same substance and 
noted little clinical improvement. They found no 
change in the electrophoretic pattern or in the 
concentration of plasma protein. In other in- 
stances, the results have been similar to those of 
the authors and include reduction in concentration 
of serum protein as described by Bethell (3) and 
other investigators (4); decreased excretion of 
Bence-Jones protein (3) ; disappearance of hyper- 
calcemia (3, 4); and clinical improvement (such 
as loss of bone pain [3], better appetite with gain 
in weight [3, 4], and increased hematocrit). Our 
own experience also indicates that adrenocortico- 
tropin diminishes rather than aggravates the rate 
of skeletal decalcification. This impression has 
been gained through careful observation of three 
patients who were hospitalized for metabolic study. 
That it may also lead occasionally to a prolonged 
remission was suggested by the clinical response of 
one of our three subjects treated with this hor- 
mone. Although other workers have investigated 
nitrogen and mineral exchanges in myeloma (5- 


1 Supported in part by a grant-in-aid from the American 
Cancer Society upon recommendation of the Committee 
on Growth of the National Research Council, and by the 
Cancer Research Coordinating Committee of the Uni- 
versity of California. 


School of Medicine, University of California Medical Center, Los Angeles, Calif.) 


(Submitted for publication February 17, 1953; accepted October 8, 1953) 
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11), their findings do not appear pertinent to the 
present discussion. 


PROCEDURE AND METHODS 


The patients were admitted to the Metabolism Ward 
where they were under continuous observation. The 
urine was analyzed daily for sodium, potassium, phos- 
phorus, chloride, and nitrogen; aliquots of the 24-hour 
collections of urine were saved and pooled in periods of 
five days, and the analyses repeated on the pooled sam- 
ples. This served as an added check on the accuracy of 
the daily work. Stools were separated at intervals of 
five days with the use of carmine markers and analyzed 
for the same constituents as in the case of urine. Sample 
diets, duplicating the menus of the patients, were prepared 
at intervals of ten days, homogenized, sampled, and 
analyzed to determine intake. meses and dietary re- 
jects were treated in the same manner as sample diets, 
analyzed separately, and appropriate corrections of in- 
take were made. Blood was collected in the postabsorptive 
state from an arm vein with the least possible stasis, and 
after prompt separation of the serum, determinations 
were made of total serum protein, albumin, globulin, so- 
dium, chloride, potassium, calcium, and phosphorus. The 
analytical methods used were as follows: Aliquots of 
diet, urine, and emesis were ashed in a muffle furnace at 
a temperature not exceeding 450° C. Sodium and po- 
tassium determinations were performed directly on di- 
luted specimens of urine and (blood) serum, with the 
use of the Beckman flame photometer. With the excep- 
tion of nitrogen and chloride, the other substances were 
determined from the ashed filtrates. Urinary, fecal, and 
dietary calcium were determined by the gravimetric 
method of Washburn and Shear (12), serum calcium by 
the method of Van Slyke and Sendroy (13), phosphorus 
by the gravimetric method of Washburn and Shear (12), 
and a modification of the colorimetric method of Fiske 
and Subbarow (14), nitrogen by the Hiller, Plazin, and 
Van Slyke modifications of the Kjeldahl procedure (15), 
chlorides by modification of the Volhard method (16-18), 
plasma proteins by a modification of the Howe sodium 
sulfate method (19) as described by Majoor (20), and 
urinary protein by the method of Hiller, Greif, and Beck- 
man (21), serum and urine uric acid by modification of 
the methods of Kalckar (22) and Praetorius (23). 
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CLINICAL MATERIAL 
Case summaries 


Patient 1 (J. D.) (See Figures 1-4 and Tables I-1II.) 


J. D. was a white male aged 62 who was found to have 
multiple myeloma in 1946, while under treatment for lobar 
pneumonia. Although he was moderately anemic and 
exhibited hyperproteinemia and infiltration of the bone 
marrow with plasma cells, roentgenologic evidence of 
skeletal decalcification was not yet apparent. During the 
subsequent two years he had repeated respiratory infec- 
tions and was readmitted to the hospital in June, 1948 
with right lower lobe pneumonia. At this time the 
erythrocyte count was 3.8 million per cu. mm., the red cells 
showed increased rouleaux formation, the hemoglobin 
was 11.2 Gm. per 100 ml. whole blood, the white blood 
cells were 17,000 per cu. mm. with a shift to the left in 
the differential formula. Bence-Jones protein was pres- 
ent in the urine and sternal marrow was heavily infil- 
trated with plasma cells. The skull revealed discrete 
radiolucent areas. The serum proteins were 8.6 Gm. per 
cent with 3.2 Gm. per cent albumin and 5.4 Gm. per cent 
globulin. (The main globulin component could be pre- 
cipitated with 18.5 per cent sodium sulfate.) Urethane in 
the amount of 135 Gm. given over a period of 45 days 
failed to produce clinical improvement or any alterations 
in existing abnormalities detectible in the laboratory. 


ACTH 40MG/DaY 


5 6 


Fic. 1. Patient J. D. Errect or ACTH on NITROGEN 
AND PHospHorUS BALANCE AND Bopy WEIGHT 


Positive balances are indicated by clear areas between 
the intake line and the sum of urine and fecal excretion. 
An extension of the line labeled “urinary excretion” above 
the line labeled “intake” denotes a negative balance. 
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A year after urethane therapy he was admitted to the 
metabolic ward for a study of the effect of adrenocortico- 
tropin, the results of which are indicated in tables and 
charts. After 15 days of treatment, he suddenly became 
febrile, and metabolic studies had to be discontinued. 
Signs of meningeal irritation developed and within a few 
days he became semistuporous. His condition became 
progressively worse, and he lapsed into complete coma 
and died in two weeks. 

Cultures of the blood and spinal fluid remained sterile. 
Autopsy revealed a purulent ependymitis, the cause of 
which was not ascertained. Examination of the bone 
marrow at autopsy confirmed the diagnosis of multiple 
myeloma. 


Patient 2 (J. M.) (See Figures 5-8 and Tables II-V.) 


J. M., a white male of 56 years was admitted to the 
hospital for the first time in 1947 with severe back pain 
which had its inception while he was lifting a heavy ob- 
ject. There was a pathological fracture of the tenth 
dorsal vertebra and multiple radiolucent areas scattered 
throughout the skeleton. The diagnosis of multiple mye- 
loma was substantiated by biopsy of the bone marrow. 
He received therapy with urethane (120 Gm. in 45 days) 
but failed to improve either from a clinical or laboratory 
standpoint. During a subsequent readmission six months 
later, little new was noted on physical examination, ex- 
cept for spasm of the erector spinae muscle in the lower 
thoracic and upper lumbar regions. X-rays at this time 
indicated compression fractures of D-8, D-10, and L-1, the 
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URINARY EXCRETION 


FIVE-DAY PERIODS 


Fic. 2. Patient J. D. Errect or ACTH on Catcrum 
AND PHospHorUS BALANCES 


For legend see Figure 1. 
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Urinary Protein 


presence of decalcified areas as mentioned previously, and 
ee a ae considerable demineralization of all the bones. The total 
FIVE -Oay PERIODS 

serum proteins were 7.1 Gm. per cent, albumin 3 Gm. per 

cent, globulin 4.1 Gm. per cent with the major abnor- 
Fic. 3. Patient J. D. Errecr or ACTH on Sopium  mality in the alpha globulin component (a somewhat un- 
CHLORIDE AND PotasstuM BALANCES usual finding but one that has been observed previously 

(24, 25]). Bence-Jones protein was present in the urine 
in considerable quantity, and the sternal marrow con- 
tained 42 per cent plasma cells. He was admitted to the 


For legend see Figure 1. 


TABLE I 


Nitrogen, calcium, phosphorus, and electrolyte balances * 


J.D. Male 


Age 62 


P N Na K cl 

Period Therapy Weight 

os 5 days ea. (datly) Gm. mEq. Kg. 
I Control —0.176 -—0.544 — 4.81 — 5460 + 0.10 — O41 68.52 
II Control —0.191 —0.916 — 3.53 — 77.30 — 14.60 — 10.20 68.53 
III Control —0.176 -—0.781 — 0.42 — 48.10 — 0.80 + 20.30 68.38 
‘ IV 40 mg. ACTH —0.251 — 1.796 — 18.89 +232.40 — 102.20 +155.60 69.97 
V 40 mg. ACTH —0.500 —1.780 —35.66 —- 540 — 37.79 + 38.57 69.89 
VI 40 mg. ACTH —0.921 —2.422  —41.27 —225.70 — 57.09 —233.35 70.00 


* In computation of these balances average values for dietary intake and fecal excretion have been employed (actual 
analyses of both diet and stool having been carried out every five-day period). The diet was calculated to contain 
72 Gm. of protein, 123 Gm. of fat, and 174 Gm. of carbohydrate, and 2093 calories per day. The average values per 
five-day period were as follows: 


Diet Fecal excretion 
Calcium (Gm.) 3.119 3.224 
Phosphorus (Gm.) 5.30 1.556 
Nitrogen (Gm.) 57.65 5.08 
Sodium (mEq.) 580.0 7.83 
Potassium (mEq.) 371.0 60.45 


Chloride (mEq.) 606.0 6.05 
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TABLE Ii 


Urinary proteins 


Case J. D. 


Therapy 
daily 


Total 
urinary* 
protein 


Case J. M. Case S. M. 


Therapy 
Total daily 
urinary* ACT 
protein 


Total 
urinary* 
protein 


RAWWUAD 


* Grams protein per five-day period. 


metabolic unit for studies which were continued for 75 
days. During 50 days of this time he received a course 
of ACTH which resulted in marked subjective improve- 
ment, although in no sense did it eradicate signs of the 
disease. Approximately one year later he developed a 
sudden paraplegia, “cord” bladder, and fecal incontinence. 
Cortisone therapy was tried but he became progressively 
worse and died in August, 1951. The diagnosis of multi- 
ple myeloma was confirmed at autopsy. 


Patient 3 (S.M.) (See Figures 8-13 and Tables II, III, 
V-VIL.) 


S. M., a white male of 58 years, entered the hospital in 
March 1949 with a six-month history of pain in the back 
and shoulders, weakness of and loss of sensation in the 
lower extremities. He had been confined to bed for the 
month prior to admission because of inability to move his 
legs. On examination, he was found to have a spastic 
paraplegia, diminution of sense of pain and touch over 


TABLE III 


Urinary calcium 


Case J. M. Case S. M. 


Therapy Therapy 
daily daily 
ACTH ACTH 

(mg.) 


* Grams calcium per five-day period. 
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— | 
| 
ACTH ACTH 
Period (mg.) (mg.) 
IV 40 15.8 40 
Vv 40 11.0 40 
VI 40 10.8 40 
VII 80 
VIII 80 
IX 80 
x 40 
XI 40 
XII 40 
XIII 40 
XIV 
XV 
XVI 
XVII 
XVIII 
| 
Case J. D. 
Urin Urina 
Period (mg.) 
I ~ 0.051 1.390 0.956 
II 0.066 1.523 1.116 
III 0.051 1.466 1.273 
IV 40 0.126 1.244 100 1.294 
Vv 40 0.375 0.743 100 1.216 
; VI 40 0.796 0.646 200 1.235 4 
VII 0.591 200 0.994 
VIII 0.790 200 0.987 
IX 1.021 100 0.672 _ 
x 1.088 100 0.858 
XI 1.033 100 1.093 oh. 
XII 1.029 100 1.098 
XIII 1.105 100 0.691 
XIV 0.990 100 0.801 F 
XV 0.819 100 1.051 _ 
XVI 100 0.956 
XVII — 0.522 
XVIII 0.527 
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Fic. 5. Patient J. M. Errect or ACTH on NITROGEN AND PHOSPHORUS BALANCES 


4 5 


For legend see Figure 1. 


the legs, and multiple osteolytic lesions which involved 
the skull, ribs, vertebrae, pelvis, and proximal portions of 
the femora. There was an expansile tumor of the in- 
ferior portion of the right scapula. The urine contained 
Bence-Jones protein; the serum proteins showed a slight 
increase in the alpha globulin fraction but were not other- 
wise remarkable. Smears of the sternal marrow revealed 


22 per cent plasma cells, some of which were multi- 
nucleated. Although the diagnosis of multiple myeloma 
appeared to be well substantiated, it was decided to at- 
tempt to relieve the paraplegia by laminectomy. The 
operation was performed in April, 1949, and an infiltrating 
mass, which proved to be a plasmacytoma, was removed 
from the spinal cord at the level of D-1. Use of graded 
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Fic. 6. Patient J. M. Errect or ACTH on Catcium AND PHospHoRUS BALANCES 
For legend see Figure 1. 
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Fic. 7. Patient J. M. Errecr or ACTH on SERUM AND 
Urinary PROTEIN 


exercises and physiotherapy led to a gradual recovery of 
function in the lower extremities which was nearly com- 
plete a year later. Repeated episodes of severe rib and 
back pain continued, however, and in January, 1951, he 
entered the Metabolic Unit for treatment with adreno- 
corticotropin. The results of studies conducted at this 
time are illustrated in figures and tables. A remission 
in the course of the disease followed the administration of 
the hormone and now, two years later, he is active and 
subjectively well. However, bone marrow and roentgen 
evidence of myeloma persists. 


NITROGEN 


4 676 
5 DAY PERIOOS 


A 


METABOLIC STUDIES 


The alterations in the exchanges of nitrogen, cal- 
cium, phosphorus, and electrolytes associated with 
the administration of ACTH ? to these three pa- 
tients, were in many respects similar to the effects 
observed in normal subjects and in various other 


2 The ACTH used in this study was supplied by Armour 
& Company. All dosages are expressed in terms of 
Armour’s standard LA-1A. 


46 6 7 6 9 0 tt 12 13 14 15 16 17 
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Fic. 8. A. Patient J. M. Errect or ACTH on Fecar Loss oF NitroGeN, CALCIUM, AND 
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B. Patient S. M. Errect or ACTH on Fecat Loss oF NitTroGEN, CALCIUM, AND 
PHOSPHORUS 
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TABLE IV 
Nitrogen, calcium, and phosphorus balances * 


METABOLIC STUDY IN MULTIPLE MYELOMA DURING ACTH THERAPY 


J. M. Age 56 Male 


P P 
Ca Theoretical Actual 
Period Therapy Weight 
5 days ea. (dasly) " Kg. 
ad I Control — 1.094 —1.01 — 1.036 — 7.68 64.84 
II Control — 1.227 —0.71 — 0.063 — 2.45 64.47 
III Control —1.170 —1.01 — 0.658 — 7.03 64.38 
IV 40 mg. ACTH —0.918 —0.93 —0.719 — 7.65 65.18 
Vv 40 mg. ACTH — 0.447 —0.93 —0.240 — 10.79 65.05 
if VI 40 mg. ACTH —0.350 — 0.67 —0.568 — 747 65.45 
VII 80 mg. ACTH —0.295 — 1.23 — 0.483 — 15.90 66.06 
VIII 80 mg. ACTH —0.494 —1.20 —0.655 — 14.12 65.94 
I 80 mg. ACTH —0.725 —1.39 —0.833 —15.71 65.19 
xX 40 mg. ACTH —0.792 —0.93 — 0.634 — 8.49 64.31 
XI 40 mg. ACTH —0.737 —0.42 —0.329 — 1.43 63.25 
XII 40 mg. ACTH —0.733 —0.20 —0.779 + 1.88 63.32 
XIII 40 mg. ACTH —0.809 —0.25 —0.378 + 1.66 63.85 
XIV Control — 0.694 —0.20 — 0.981 + 1.64 62.03 
+0.08 — 0.987 + 4.57 


five-day period were as follows: 


Calcium (Gm.) 
Phosphorus (Gm.) 
Nitrogen (Gm.) 


diseases (4, 26). There were, however, certain 
unique features, such as marked changes in the 
concentration of plasma proteins and in the amount 
of protein excreted in the urine (1, 3, 4). Since 
the reactions of each individual differed substan- 
tially, the data for each will be described separately. 


* In computation of these balances average values for dietary intake and fecal excretion have been employed (actual 
analyses of both diet and stool having been carried out every five-day period). 
68.8 Gm. of protein, 119.1 Gm. of fat, 210.1 Gm. of carbohydrate, and 1919 calories per day. The average values per 


The diet was calculated to contain 


TABLE V 
Nitrogen to phosphorus ratios 


Diet Fecal excretion 

5.996 5.70 

7.403 3.13 
59.1 3.10 


Patient J. D. 


A. Nitrogen balance: The weight of the patient 
remained nearly constant (68.5 to 68.4 Kg.) dur- 
ing three control periods on a diet of 72 Gm. pro- 
tein and 2093 calories per day. Small amounts of 
nitrogen were lost for the first ten days followed 


Case J. M. 


Actual P- 
P with Ca 


Actual P- 
P with Ca 


— 0.546 
— 0.080 
— 0.128 
— 0.309 
—0.040 
— 0.408 
— 0.353 
—0.415 
—0.513 
— 0.284 
0 


—0.449 
— 0.018 
—0.671 
—0.757 


= 
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Case S. M. 
Period | N N/P | N N/P | 
‘ I — 7.68 14.07 —0.149 — 0.04 0.27 ao 
II — 2.45 30.63 0.217 — 1.52 7.01 
Ill 7.03 54.92 —0.256 — 0.48 1.88 
IV — 7.65 24.76 — 1.045 + 2.36 oe | 
V —10.79 26.97 — 1.048 — 0.60 0.57 4 
VI 7.47 18.31 —2.617 —20.71 7.91 
VII —15.90 45.04 —2.540 —32.97 12.98 a 
VIII —14.12 34.02 — 1.880 — 35.56 18.91 

IX —15.71 30.62 —0.825 — 30.45 36.90 a 
x — 8.49 29.89 — 1.028 —25.59 24.90 
XI 1.43 —1.215 — 31.26 25.72 
XII + 1.88 0 —15.38 
XIII + 1.66 0 — 6.99 
XIV + 1.64 0 + 0.33 
XV + 4.57 0 + 1.49 ~ 
XVI 0 _ ~ —1.425 — 18.35 12.88 

XVII 0 —0.088 — 16.54 18.79 

XVIII 0 _ —_ — 1.732 —13.05 7.53 us 
Average 3mm 13.56 
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For legend see Figure 1. 
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110 | 
| 


METABOLIC STUDY IN MULTIPLE MYELOMA DURING ACTH THERAPY 


TACTH 200 ACTH ICO MG/ OAT 
1 ay! 
CHLORIDE BALANCE | 
' + 


‘ 


234 56 78 9 10 tt 12 13 4 15 16 17 18 
FIVE-DAY PERIODS 


Patient S. M. Errect of ACTH on SoprumM CHLORIDE AND 
PoTASSIUM BALANCES 
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For legend see Figure 1. 


by a period of nitrogen equilibrium. The response creased markedly and the nitrogen balance became 
to ACTH at a dosage of 40 mg. per day intra- strongly negative (Table I). The patient con- 
muscularly was prompt. Urinary nitrogen in- tinued to lose nitrogen in progressively increasing 
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ACTH IOOMG 
| ACTH 200MG/DAY 
i : 50 MG/DAY 


SERUM URIC ACID MG.% 


URINARY URIG ACID 
EXCRETED/ 24 HRS. 


FIVE-DAY PERIODS 


Fic. 13. Patient S. M. Errect or ACTH on Serum Uric Acip AND EXCRETION OF URIC 
Acip IN URINE 


amounts for the next 15 days when the study had 
to be discontinued due to an acute intercurrent in- 
fection. 

B. Calcium balance: The average calcium intake 
was 624 mg. per day with a calcium/phosphorus 
ratio of 0.6. The calcium balance was consistently 
negative since the amount excreted in the stool 
was slightly in excess of the intake. (Figure 2 
and Table I.) Urinary calcium averaged 50 to 60 
mg. during control periods but increased con- 
siderably while the patient was receiving ACTH 
(Table III). Whether this increase should be 
attributed to ACTH or to the acute inflammatory 
process from which he ultimately succumbed is 
uncertain. There were no important changes in 
the concentration of serum calcium, and fecal ex- 
cretion of calcium remained relatively constant. 

C. Phosphorus balance: The administration of 
ACTH increased both the urinary and fecal ex- 
cretion of phosphorus and the balance became 
strongly negative. (See Figure 1 and Table I.) 
The theoretical phosphorus balance and the ni- 
trogen/phosphorus ratios have not been reported 
for this patient since the balance study was short 


and complicated in its terminal phases by an acute 
febrile illness. 

D. Sodium, chloride, and potassium balances: 
Moderate losses of sodium unaccompanied by simi- 
lar losses of chloride occurred in control periods. 
During the first period on ACTH both sodium 
and chloride were retained in large amounts (Fig- 
ure 3 and Table I). Chloride continued to be re- 
tained in the second ACTH period although in 
much smaller amounts. “Escape” from the effect 
of the hormone occurred in the final period with 
release of large and approximately equivalent quan- 
tities of both elements. The potassium balance 
followed that of nitrogen rather closely and was 
strongly negative during administration of corti- 
cotropin. No significant changes in the concen- 
tration of serum electrolytes occurred. 

E. Serum proteins: Prior to therapy with 
ACTH the concentration of serum protein aver- 
aged 12 Gm. per cent, of which 7.5 Gm. per cent 
precipitated as globulin at 18.5 per cent saturation 
with sodium sulphate (Figure 4). After ten days 
treatment with corticotropin, the globulins separat- 
ing at 18.5 per cent saturation were reduced to 4 
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Gm. per cent and the total serum protein had de- 
creased to approximately 8 Gm. per cent. 

F. Urinary proteins: The amount of protein ex- 
creted in the urine of J. D. was much less than that 
of the other two patients, although his concentra- 
tion of serum proteins was the highest. 
the marked catabolic effect associated with ACTH 


S. M. 


Despite 


TABLE VII 


Nitrogen, calcium, phosphorus, and electrolyte balances * 


Age 56 Male 


METABOLIC STUDY IN MULTIPLE MYELOMA DURING ACTH THERAPY 


therapy and decrease in concentration of serum 
protein, the urinary protein upon termination of 
treatment continued to be excreted at about two- 
thirds of the control level (Figure 4 and Table II). 
More prolonged and intensive administration of 
ACTH was accompanied by greater proportionate 
reductions in the proteinuria of J. M. and S. M. 
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XI 100 mg. ACTH 
XII 100 mg. ACTH 


100 mg. ACTH 
XIV 100 mg. ACTH 
XV 100 mg. ACTH 


+K(4) 

XVI 100 mg. ACTH 
XVII Control 
+K(5) 
XVIII Control 


50 mg. Testosterone 
K(3 


50 mg. Testosterone 


—2.47 
— 2.208 


—1.201 —2.659 
=—1.222 1.588 


— 0.988 


50 mg. Testosterone 


—1.163 —0.50 

—0.922 —0.312 
—0.915 —1.658 
—0.600 —1.394 
—0.786 —1.240 


= 1.225 
— 0.349 
—1.754 —31.26 
+0.161 —15.38 
+0.226 
+0.210 + 0.33 
+0.303 + 1.49 


—1.835 —18.35 
—0.357  —16.54 


— 2.084 —13.05 


P P 
Theoretical Actual 
Period Therapy Weight 
5 days ea. (dasly) Gm. mEg. Kg. 
Control —0.459 -—0.605 — 0. + 19. + 86. 
II Control —1.026 -—0.560 -—0.677 — 1.52 — 36.29 + 3.15 + 7.10 68.54 
III Control —0.619 -—0.312 -—0.536 — 0.48 + $0.84 + 12.55 + 76.20 68.38 
IV 100 mg. ACTH —0.729 -—0.170 —1.375 + 2.36 +145.19 — 28.85 -+124.20 69.45 
V 100 mg. ACTH —1.039 -—0.506 -1.514 — 0.60 + 22.58 — 22.85 + 39.30 69.39 
VI 200 mg. ACTH —1.701 —2.163 —3.380 —20.71 +156.78 -—199.40 + 77.80 69.00 
VII 200 mg. ACTH —1.173 -—2.80  —3.066 —32.97 +103.45 —111.25 + 0.20 68.16 
VIII 200 mg. ACTH —0.962 —2.85 —2.310 —35.56 —139.57 +165.95 —132.10 66.18 


+175.98 
—130.63 —103.35 —223.30 
—256.11 +335.75 — 66.70 


65.46 
63.65 


+219.94 — 31.55 +225.50 
+270.28 + 23.05 +159.70 
— 26.66 + 10.18 —112.70 


—109.58 — 94.45 — 7.40 
—626.22 +776.25 — 73.00 


+105.09 — 83.75 + 55.20 


65.51 
67.53 
67.88 


65.62 


XV-K (4) 
XVII-K(5) 


(Per. I-VI) 
(Per. VII-XVIII) 


(Per. I-VI) 
(Per. VII-XVIII) 


* In computation of these balances average values for dietary intake and fecal excretion have been employed (actual 
analyses of both diet and stool having been carried out every five-day period). The diet was calculated to contain 
69 Gm. of protein, 108 Gm. of fat, and 170 Gm. of carbohydrate, and 1930 calories per day. The average values per 


five-day period were as follows: 


Fecal excretion 


2.890 

1.110 (Per. I-III) 
2.565 (Per. IV-XVIII) 
6.50 


10.0 


36.35 I-III) 
72.0 (Per. IV-XVITI) 


mEq. of potassium per period 
409.6 potassium citrate orally 
614.4 potassium citrate orally 
614.4 potassium citrate orally 


Diet 
Calcium (Gm.) 2.962 
Phosphorus (Gm.) 4.885 
Nitrogen (Gm.) 55.05 
Sodium (mEq.) 675.15 
506.5 
*Potassium (mEq.) 336.25 
Chloride (mEq.) 648.0 
480.5 
® The dietary potassium was supplemented as follows: 
Period 
VIII-K(1) 
IX-K(2) 
XII-K (3) 


53.7 potassium chloride intravenously 
1024.0 potassium citrate orally 


Note: Some food was rejected in Periods XV-XVIII inclusive. The rejects were pooled 
for each period, analyzed, and appropriate corrections of the intake were made. 


+K(1) 
IX 100 mg. ACTH —0.884 +104.55 +161.25 +213.10 66.25 
+K(2) 
| 
4.0 


116 
Patient J. M. 


A. Nitrogen balance: On admission the patient 
weighed 64.8 Kg. and was in slightly negative 
nitrogen balance, while ingesting a daily diet of 
1,919 calories and 68.8 Gm. protein (Table IV). 
The loss of nitrogen increased slightly when he 
was given 40 mg. of ACTH a day intramuscularly. 
The daily dose of corticotropin was then increased 
to 80 mg. with a further moderate increase in the 
loss of nitrogen (Figure 5). The dose of ACTH 
was then reduced to the initial level of 40 mg. per 
day with gradual decrease in urinary nitrogen un- 
til equilibrium was established at the end of ten 
days. No further change in nitrogen balance was 
observed when hormone was discontinued. 

B. Calcium balance: Calcium intake averaged 
1200 mg. per day with a calcium/phosphorus ratio 
of 0.81 and hence conformed to currently accepted 
standards for optimum dietary requirements. 
Both the concentration of calcium in serum and 
the amount excreted in the urine decreased some- 
what during ACTH administration (Figure 6 ana 
Table III). Fecal calcium, on the other hand, in- 
creased moderately so that the net balance was 


negative both during the control periods and dur- 
ing periods of therapy (Figure 8). However, the 
loss of calcium was greater during the initial con- 
trol periods than at any other time. 


C. Phosphorus balance: Administration of 
ACTH in amounts of 40 and later 80 mg. per day 
was associated witb a negative phosphorus balance 
(Figure 5 and Table IV). It was of some interest 
that the excretion of phosphorus in urine did not 
increase appreciably and that the loss of phosphorus 
was largely the result of a considerable increase in 
fecal phosphorus (Figure 8). Computation of the 
theoretical phosphorus balance and the nitrogen/ 
phosphorus ratios suggested that during periods 
of corticotropin therapy a tissue poor in phos- 
phorus was being catabolized (Tables IV and V). 

D. Serum proteins: The alpha globulin com- 
ponent of the serum proteins was markedly in- 
creased initially, averaging 3 Gm. per cent. There 
was a gradual decrease in this fraction during the 
course of ACTH administration to a final value of 
2.0 Gm. per cent (Figure 7). 

E. Urinary proteins: The urinary protein 
(Bence-Jones) decreased during therapy from an 
average control value of 17.7 Gm. in 24 hours to 
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4.4 Gm. in period IX. Thereafter, with a decrease 
in the dose of ACTH from 80 to 40 mg. per day 
there was a small and probably insignificant in- 
crease in urinary protein (Table II). 


Patient S. M. 


A. Nitrogen balance: The patient weighed 68.6 
Kg. at the outset of the balance program and in- 
gested a diet providing approximately 1,930 cal- 
ories and 69 Gm. of proteina day. On this regimen 
he was essentially in nitrogen equilibrium during the 
first three control periods and during the first two 
ACTH periods when he received 100 mg. of hor- 
mone daily. However, upon increasing the dose 
to 200 mg. a day, a marked catabolic effect was ob- 
served, and this effect continued despite reduction 
in the dose from 200 to 100 mg. in periods IX, X, 
and XI. Administration of 50 mg. of testosterone 
proprionate daily (periods XII through XIV) 
gradually reversed the strongly negative nitrogen 
balance and brought about nitrogen equilibrium 
despite continuation of ACTH in amounts of 100 
mg. (Figure 9 and Table VII). 

B. Calcium balance: The average daily calcium 
intake was 590 mg. and the calcium/phosphorus 
ratio was approximately 0.6. The amount of cal- 
cium intake and calcium/phosphorus ratio were 
somewhat suboptimal according to current con- 
cepts of calcium requirement (27). However, 
there is no reason to suppose that a normal subject 
ingesting a similar diet would have been in negative 
calcium balance. Nevertheless, the patient was in 
consistently negative calcium balance throughout 
control periods and periods of ACTH administra- 
tion. Urinary calcium was reduced from an aver- 
age daily control value of 223 mg. to 175 mg. dur- 
ing ACTH periods IX, X, and XI (Table III). 
The concentration of serum calcium fell progres- 
sively from a control value of 10.1 mg. per cent to 
a low of 7.2 mg. per cent (Figure 10 and Table 
VI). The latter value was observed when the 
concentration of the serum proteins had fallen to 
4.7 Gm. per cent and was quite possibly related to 
the hypoproteinemia. Fecal excretion of calcium 
remained relatively constant (Figure 8) . 

C. Phosphorus balance: The administration of 
ACTH increased both the urinary and fecal ex- 
cretion of phosphorus, and the balance became 
strongly negative (see Figures 9 and 10). As with 
patient J. M., the theoretical phosphorus balance 


was calculated according to the method of Reifen- 
stein, Albright, and Wells (28) (See Tables V and 
VII). During the first three periods (Control) 
there was very little unaccountable phosphorus. 
In the next four ACTH periods, there were losses 
of phosphorus in excess of what one would predict 
from the nitrogen and calcium balances, suggesting 
catabolism of a phosphorus rich tissue. These 
were followed by four periods (VIII, IX, X, and 
XI) when the theoretical phosphorus balance was 
more negative than the actual phosphorus balance 
and hence possibly indicated catabolism of tissue 
of low phosphorus content. The simultaneous ad- 
ministration of both testosterone propionate (50 
mg. per day) and ACTH (100 mg. per day) led 
to phosphorus retention in spite of a continued 
negative calcium balance and nitrogen equilibrium 
(Periods XII through XV). Thus, it is apparent 
that under the experimental conditions the anabolic 
effect of testosterone was exhibited more strongly 
with respect to phosphorus than to nitrogen. 
Whether this points to resynthesis of myeloma 
tissue or has a different explanation cannot be de- 
termined from the information available. 

When the concentration of potassium in the se- 
rum fell below 3 mEq. per liter during ACTH 
therapy, extra potassium as citrate was given on 
three separate occasions (see Figure 9). The 
urinary phosphorus decreased each time coincident 
with potassium administration. The ingestion of 
potassium did not alter the nitrogen balance which 
remained strongly negative and hence in this re- 
spect also did not parallel the phosphorus exchange. 

D. Sodium, chloride, and potassium balances: 
The response to prolonged ACTH administration 
was variable and complicated as shown by the so- 
dium and chloride balances (Figure 11 and Table 
VII). An initial strongly positive salt balance 
occurred in Period IV when the hormone was first 
given and was followed by a state approaching 
equilibrium in Period V. With the increase in 
ACTH dose to 200 mg. per day in Period VI, 
salt retention again became marked, only to be 
followed by salt loss in Period VIII. It seems 
probable that the negative balance in the latter pe- 
riod represented “escape” at least in part from the 
action of the hormone since the increase in uri- 
nary sodium and chloride preceded ingestion of 
supplementary potassium. Although administra- 
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tion of potassium was continued into Period IX, 
a cycle of salt accumulation developed again which 
lasted through most of Period X. The reverse 
phenomenon was noted in Periods XI and XII. 
Thus, the entire duration of ACTH and testoster- 
one therapy seems to have been characterized by 
alternating cycles of salt retention and loss which 
may well be related to the transient shifts of water, 
sodium, and chloride into the extracellular space 
as described by Levitt and Bader (29). The final 
discontinuance of ACTH in Period XVII was 
dictated by a toxic psychosis and hypopotassemia 
for which potassium citrate was given for the third 
time in doses equivalent to 8 Gm. of potassium 
daily. As a result, more than 700 mEq. of po- 
tassium were retained and 600 mEq. of sodium 
were lost in five days. The effect on the chloride 
balance was comparatively minor and amounted 
to a negative balance of 73 mEq. As sodium and 
chloride loss and potassium retention are distinctive 
features of ACTH withdrawal, it is probable that 
the unusually large storage of potassium may have 
promoted a loss of cell sodium and, therefore, an 
exceptionally large sodium diuresis. The usual 
excretion of potassium in excess of intake was 
observed during administration of corticotropin 
(Figure 11). Extra potassium as citrate was given 
orally in Periods VIII, IX, XII, and XVII, and 
as chloride intravenously (Period XV) to combat 
hypopotassemiaz. Although potassium was retained 
during the time of administration of each supple- 
ment, the effect on the concentration in serum was 
fleeting. 

E. Serum proteins: This patient was the only 
one of the three who had a relatively normal pat- 
tern of plasma proteins, both by electrophoresis 
and by the method of salt fractionation (see Table 
VI). At the outset of the balance study the gamma 
globulin components were slightly elevated. How- 
ever, during prolonged administration of ACTH 
the concentrations of both albumin and globulin 
decreased progressively (Figure 12) and a mod- 
erate hypoproteinemia developed. Simple dilu- 
tion was not considered to be a causal factor since 
the value of the packed erythrocytes remained es- 
sentially unchanged, and the body weight decreased. 

F. Urinary proteins: There was a significant 
reduction in the excretion of Bence-Jones protein 
in the urine (Figure 12). An average of about 9 
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Gm. of protein was recovered per day from the 
urine during control periods and there was little 
change after administering ACTH for ten days in 
daily doses of 100 mg. When the dose of ACTH 
was increased to 200 mg., the proteinuria decreased 
after eight days to approximately 2.0 Gm. per day, 
and by the fifteenth day from 0.7 to 0.8 Gm. per 
day, within which range it remained until the pa- 
tient left the hospital two months later (Table II). 

G. Uric acid: Quantitative determinations of 
the excretion of uric acid were made only in the 
case of S. M. (Figure 13). The control value av- 
eraged 497 mg. per day (Period III) just prior to 
administration of ACTH, and increased to a maxi- 
mum daily average of 1021 mg. in Period VIII. 
While there were marked fluctuations in the 
amounts eliminated during 24 hours, the highest 
rates of excretion coincided fairly well with the 
larger doses of adrenocorticotropin. The concen- 
tration of uric acid in the serum decreased pro- 
gressively from 12.0 mg. per cent to 4 mg. per cent. 


DISCUSSION 
Response to therapy 


It has been suggested that the variable response 
of different patients with multiple myeloma to 
chemotherapeutic (and hormonal) agents may 
point to different chemical mechanisms within the 
myeloma cells and that the diverse plasma protein 
patterns may be an expression of these cellular pe- 
culiarities (3). Although our patients revealed no 
uniform derangement in the plasma protein com- 
ponents, all responded similarly to adrenocorti- 
cotropin. One patient had considerable increase 
in the plasma protein fraction which “salted” out 
as gamma globulin.* In another, the alpha globu- 
lin fraction was distinctly increased, and in a third 
the several components were essentially normal 
in distribution. Bence-Jones proteinuria, how- 
ever, was a characteristic finding in each and was 
markedly decreased during therapy in two pa- 
tients and slightly decreased in the third. The 
concentration of plasma protein fell also, with 
the most pronounced effect on the abnormal globu- 


8 Salt fractionation was utilized to partition the various 


plasma protein components. Admittedly, errors are in- 
herent in the method and the designation of globulins as 
alpha, beta, or gamma refers only to the fact that these 
proteins “salted” out as alpha, beta, or gamma fractions. 
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lin fraction in the two patients who exhibited this 
deviation. The regression in Bence-Jones pro- 
tein in the urine did not strictly parallel the de- 
crease in plasma protein, but in one patient, S. M., 
appeared to be more closely related to the develop- 
ment of a strongly negative nitrogen balance. The 
failure of some investigators to observe changes in 
plasma protein or proteinuria in myeloma may in- 
dicate inadequate dosage or duration of application 
of the therapeutic agent rather than refractoriness 
of the disease. This seems to be born out in the 
response of J. M. and S. M. who showed little ef- 
fect of treatment with small doses of adrenocorti- 
cotropin and definite effects when the dosage was 
substantially increased. 


Calcium and phosphorus exchanges 


Skeletal decalcification in multiple myeloma is 
commonly observed as a late manifestation of the 
disorder and appears in part in the form of dis- 
crete osteolytic lesions and in part as generalized 
osteoporosis. The discrete areas of decalcification 
are produced by nests of tumor cells which cause 
reabsorption of the surrounding bone salts. The 
degree of calciuria may well be a reflection of this 
process (30, 31), and as such, an indication of the 
activity and extensiveness of the disease. When 
hypercalcemia occurs one may suspect, as sug- 
gested by Albright and Reifenstein (32), that the 
dissolution of bone salts is contributing calcium to 
the blood stream at a more rapid rate than it can 
be cleared by the kidneys. Since renal function is 
often seriously impaired in the terminal phases of 
myeloma, both hypercalcemia and hyperphospha- 
temia may occur without marked hypercalciuria. 
This appears to have been the situation in the 
case studied by Bulger, Dixon, and Barr (5). 
Another factor in our patients which may have 
contributed to the loss of calcium, was the pres- 
ence of bone pain and pathological fractures in 
two individuals, J. M. and S. M. Both were rela- 
tively inactive and spent a considerable portion of 
their time in bed prior to therapy. Some of the 
decalcification in these men could well have been 
the result of the partial immobilization associated 
with their discomfort, since this in itself leads to 
negative calcium balance even in healthy subjects 
(33). None of the three had serious impairment 
of renal function nor hypercalcemia. The excretion 


of calcium in urine was greatest in J. M. (291 mg. 
per day) during his control periods when, be- 
cause of a recent collapse of a vertebral body, he 
was obliged to remain practically immobile in bed. 
J. D., on the other hand, had little bone pain and 
was quite active during control observations. His 
urinary calcium was the lowest of the three and 
averaged 13 mg. per day prior to treatment. Al- 
though ACTH is considered to have a catabolic 
effect on bones (26) as well as other tissues, as 
evinced by production of negative balances under 
intensive therapy, it appeared to increase the rate 
of decalcification only in J. D. The other two pa- 
tients who became more active due to euphoria, 
increased feeling of well-being, and later toxic 
psychosis associated with the administration of the 
hormone, showed a moderate decrease in calciuria. 
The possibility must not be overlooked that a re- 
cession in the activity of the tumor growth may 
have been a contributing factor also. In favor of 
this was the observation that Bence-Jones protein- 
uria was greatly lessened in both these men, much 
more so than in patient J. D. In one, S. M., there 
was a gradual fall in the level of serum calcium, 
but whether this represented a decrease in the ac- 
tivity of the osteolytic process or in the calcium 
binding by plasma protein, which also decreased 
in concentration, is not clear. Loss of calcium 
from the body appears to have been mainly by 
excretion in the urine, since fecal excretions were 
on the average nearly equal to intake. However, 
in J. M. the mean fecal calcium increased during 
the periods of ACTH therapy, while in S. M. it 
revealed only the usual period-to-period fluctuation. 

In the case of phosphorus, ACTH not only in- 
creased the amount in the urine, but also that ap- 
pearing in the stools. This was particularly notice- 
able in patient S. M. who about tripled his excre- 
tion of fecal phosphorus during the time the larger 
doses of hormone were given (Figure 8A and B). 
Excessive amounts of calcium did not appear in 
the stools of this man so that the shift in partition 
of phosphorus from urine toward feces cannot be 
related to calcium. It is of some interest that the 
excretion of phosphorus in urine was sharply re- 
duced during those days when a positive potassium 
balance was achieved by the ingestion of potassium 
citrate. The possibility that the decrease in uri- 
nary phosphorus resulted from alkalinization in- 
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duced by potassium citrate must be considered. 
While it is generally conceded that acidosis in- 
creases the excretion of urinary phosphate, the 
observations of Pitts and Alexander (34) on the 
dog do not support the view that the converse is 
produced by alkalosis. It would seem that the 
phosphate buffer system is equally important, 
both in states of acidosis and alkalosis and that 
the availability of phosphorus might be the major 
factor determining its excretion. The interde- 
pendence of potassium and phosphorus in cellu- 
lar metabolism may have required retention of the 
latter when potassium was entering cells. The 
catabolic effect on nitrogen excretion, however, 
was not abolished by potassium and in this respect 
differed from the action of potassium chloride in 
the rat, as reported by Whitney and Bennett (35). 

The agitation and anxiety which had gradually 
developed on prolonged treatment of two patients 
with adrenocorticotropin and which was at first 
suspected to be associated with the hypopotassemia, 
seemed to be little influenced by potassium reten- 
tion accompanying supplementation of the diet, and 
we were unable to confirm the temporary im- 
provement in psychotic behavior reported (36) 
when potassium deficiency was relieved. It is true 
that the concentration of potassium in the serum 
increased each time the element was ingested in 
large doses, but there was no salutary effect on 
the patient’s behavior. Possibly, more prolonged 
or more vigorous potassium therapy was indi- 
cated and in view of the observations of others (36) 
would seem to warrant further investigation. 

Although one of our three patients has sustained 
a remission in the course of his disease, the au- 
thors wish to emphasize that no conclusion should 
be drawn as to the therapeutic benefit of ACTH in 
multiple myeloma. 


SUM MARY 


1. Three cases of multiple myeloma are reported 
in whom the effect of administration of ACTH was 
observed during hospitalization in the Metabolic 
Unit. 

2. Decreases in the concentration of serum pro- 
teins were observed in all three patients during 
therapy. In two, the effect was mainly on the 
abnormal globulin, while in the third all compo- 
nents of the serum proteins decreased. Proteinuria 
also decreased and in one patient at least, the di- 
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minished excretion of protein appeared to coin- 
cide with the development of a strongly negative 
nitrogen balance during administration of ACTH 
(Patient S. M.). 

3. Negative phosphorus balances were noted 
during the course of treatment in all instances. 
However, the dose required to produce this effect 
varied considerably from individual to individual. 
In general, the phosphorus exchange was not re- 
markable except for marked decrease in urinary 
phosphorus which occurred in periods when sup- 
plementary potassium was administered because of 
potassium deficiency. 

4. Calcium balances were consistently negative 
in the two subjects who excreted the larger quan- 
tities of calcium in the urine. Subject J. D. was 
in calcium equilibrium during the preliminary pe- 
riods of observation, and the balance became nega- 
tive only during ACTH administration. ACTH 


did not appear to increase calcium excretion in the 
other two patients. The serum calcium of one in- 
dividual (S. M.) decreased in approximate pro- 
portions to the decrease in concentration of his se- 
rum proteins. 

5. The ingestion of 200 mEq. per day of extra 


potassium relieved the hypopotassemia which was 
observed during the therapy of S. M. but did not 
relieve a concomitant mild toxic psychosis. 

6. ACTH therapy was associated with a re- 
mission in one subject (S. M.) which has con- 
tinued for more than two years, but since continued 
evidence of the myelomatous process is still present 
in the bone marrow, the disease cannot be con- 
sidered cured. 
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INTRODUCTION 


Although bone is the primary rigid supporting 
tissue of the body, the fact that its individual in- 
organic components exchange constantly with like 
substances in the serum has been established be- 
yond cavil (1-5). Since previous estimates indi- 
cate that approximately 30 per cent of the body 
sodium and 8 per cent of the body water is con- 
tained in bone (4, 6, 7), the role of this tissue with 
regard to these substances in metabolic emergen- 
cies, may prove to be of considerable importance. 

This communication will present data on the 
chemical composition of bone and the exchange- 
ability of bone sodium and water. While adequate 
information on the calcium content of human and 
dog bone is available, similar data on sodium, chlo- 
ride, and water are scarce. For this reason the 
first section is devoted to a presentation of analyses 
for calcium, sodium, chloride, and water in a va- 
riety of dog and human bones. 

The second section presents observations on the 
penetration of radiosodium (Na** and Na**) and 
D,O into bone. The implications of these experi- 
ments are discussed in the terms of: a) Bone 
structure; b) the place of bone in the fluid and 
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electrolyte anatomy of the body ; and c) the physio- 
logic role of bone sodium and water. 


I. CHEMICAL COMPOSITION OF BONE 
A, Materials and Methods 


Grossly normal bones from five adult humans, without 
clinical evidence of bone disease, were obtained at post- 
mortem, within 3 to 12 hours after death.6 These samples 
together with their muscle attachments were stored in 
sealed vessels at — 40° C. At the time of analysis, the 
bones were stripped of all adherent tissue, including the 
periosteum. They were then either immediately wrapped 
in several layers of aluminum foil, crushed with a heavy 
mallet, and the bone fragments transferred to tared, dry 
weighing bottles, or intact samples were placed directly 
into tared, dry weighing bottles. Bone samples were ob- 
tained from healthy, mongrel adult dogs under intravenous 
nembutal anesthesia, or within one hour of sacrifice. 
These specimens were stripped of their periosteal cover- 
ings, immediately wrapped in multiple layers of aluminum 
foil and stored in sealed, dry vessels at — 40° C. 

At the time of analysis the samples were either crushed 
with a mallet and the fragments transferred to sealed, dry, 
tared weighing bottles, or the intact specimen was trans- 
ferred directly to such vessels. The particular methods 
employed in storage and handling of specimens were in- 
tended to minimize undetected losses of water. Water 
contents were estimated by heating to constant weight in 
an oven at 105° C. This was achieved in 48 hours. Neu- 
tral bone fat was extracted by refluxing of the dried sam- 
ples with a 50 per cent by volume mixture of alcohol-ether 
in a Soxhlet’s apparatus for 24 hours at 37° C. Approxi- 
mately 20 ml. of solvent per gram of bone was used. The 
samples were then oven dried at 105° C. for 24 hours. 
The difference in weight of the dried samples before and 
after the extraction procedure was taken to be the neutral 
fat content of the samples. 

Solution of the fat-free dried bones was achieved by 
HNO, digestion on a steam bath for 6 to 24 hours in 
platinum crucibles. Approximately 10 mEq. of acid per 
gram of dry bone was used and the strength of the acid 
was varied so that no more than 40 ml. of solvent was re- 
quired for any one sample. The digest was filtered, the 


6 We are indebted to Dr. Clinton V. Z. Hawn, Patholo- 
gist-in-Chief, Peter Bent Brigham Hospital and the mem- 
bers of his staff for making these samples available to us. 
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residue washed several times with hot distilled water 
and the combined filtrate and washings made up to 50 ml. 
with distilled water. Separate aliquots of the nitric acid 
extract were then taken for sodium, calcium, and chlo- 
ride analyses. The sodium content was determined with 
a lithium internal standard Barclay flame photometer 
(8). 

Since calcium and sodium ions have emission spectral 
lines in close proximity, the raw sodium values are in 
error in proportion to the amount of calcium present in the 
extract. To correct for this error, a series of 12 standard 
solutions containing calcium and sodium in amounts com- 
parable to those present in the bone extracts were made 
up and analyzed photometrically. The data so obtained 
are summarized in Table I. In practice, the sodium figures 
were corrected by multiplying the number of mEq. of 
calcium present per liter of extract by 0.009 and sub- 
tracting this from the photometer analysis for sodium, 
expressed in mEq. per liter. The reproducibility of this 
method is within 4 per cent and the estimated accuracy 
is + 6 per cent. 

Calcium contents were determined by a modification 
of the Kramer-Tisdall method (9, 10). From known 
standard solutions this method is accurate to within 5 
per cent. 

Chloride contents were determined by the Volhard 
method as modified by Wilson and Ball (11). The fat- 
free bone samples were digested in nitric acid for at least 
24 hours and the titrations were carried out in an ice bath 
in order to achieve a sharper end point. 


B. Results 


The chemical data are summarized in Table II. 
Each value listed is a mean figure of the number 
analyzed. For any one type of bone, the variance 
from the mean is + 10 per cent, except for the 
water analyses where it is + 25 per cent. Sixteen 
human and twelve dog samples were analyzed. 
Since the fat contents were quite variable (0.0 to 
19.5 per cent by weight) all data have been ex- 
pressed on a fat-free basis. The wide variations in 
water content among the various types of bone 
makes it reasonable to reduce the data to a fat-free 
dry weight base as others have done (12-15). It 
is apparent that there is a close similarity in chem- 
ical composition between dog and human bones 
when expressed in these terms. 

1. Bone water: The cortical specimens (femur, 
skull and humerus) are relatively dry and consist 
of 13 to 22 per cent water. On the other hand, 
cancellous bone (rib, ilium and vertebra) has 
higher water contents, varying from 32 to 52 per 
cent. In general, there is a rough parallelism be- 
tween water and chloride content. This supports 
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TABLE I 
The effect of calcium on the analysis of sodium 
by the flame photometer 
Actual Observed 
Calcium sodium sodium Correction 
concentration concentration concentration factor* 

mEqg./L. mEqg./L. mEq./L. 
88 2.9 3.9 1.14 
202 0.0 1.9 0.94 
202 11.0 127 0.84 
220 1.5 9.3 0.82 
293 14.3 1 0.96 
294 0.0 2.4 0.82 
294 11.0 13.5 0.85 
352 14.3 16.8 0.71 
366 0.0 3.6 0.98 
366 11.0 14.2 0.87 
440 0.0 4.3 0.98 
440 11.0 14.7 0.84 
Mean: 0.90 


* The correction factor is obtained by dividing the differ- 
ence between the actual and observed sodium concentra- 
tions by the known calcium concentration. 


the view that most of the bone water is associated 
with the cement substance (16) and free extracel- 
lular water. These data agree fairly well with 
previous estimates (7, 17) of bone water content. 
Only a very approximate estimate of the relative 
amount of body waiter in bone is possible because 
of the variability in water content among different 
bones. Accepting a figure of 60 per cent of the 
body weight being water (18) and taking whole 
bone as comprising about 16 per cent of the body 
weight (19), one arrives at a value of 4 to 8 per 
cent of body water being in bone. It should be 
emphasized, however, that the water content of 
bone decreases markedly with increasing age fall- 
ing as low as 10 per cent in senile, cortical bone 
(20). 

2. Bone sodium: When expressed as mEq. per 
kilogram of dry, fat-free bone, the sodium content 
of all samples (both in humans and dogs) is fairly 
uniform (Table II). The maximum difference 
found was a value of 191 mEq. per kilogram in a 
human rib as compared to 282 mEq. per kilogram 
in a sample of dog skull (cortical plate). The 
mean of all human samples is 234 mEq. of sodium 
per kilogram of fat-free bone solids, with a range 
of 215 to 273. The mean in dog bones is 229 mEq. 
per kilogram, with a range of 216 to 239. 

These data agree approximately with those given 
by Forbes and Perley (21) for human bone, and 
our calcium/sodium ratios agree well with the 
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TABLE II 


Bone composition * 


Chloride 
content sodium 


mEq./Ke. mEq./Ke. 


Wet Dry Dry 
wt. wt. wt. wt. 


Sodium Excesst 


content 
mEq./Ke. 
Wet 

wt. 


Calcium 
content 


mEq./Kg. 


Wet 
Sample wt. 


Sodiumt 
per chloride Calcium 
Totalsodium Excess 
content Na 


No. 
ana- Molar 
lyzed 


Dry Dry 
wt. wt. Ratio ratio 


A. Humans 
12,080 135 222 28 46 


13,020 214 is 417 
12,940 136 22 
13,600 227 19 23 
10,800 103 10 23 


164 0.27 37 
0.09 29 
0.21 38 
0.11 28 


0.14 29 


7,330 
11,300 
8,250 
11,220 
5,160 


Ilium 
(Cortex and medulla) 


171 
244 


i 
(Cortex and medulla) 
Skull 


(Cortex) 
Vertebra 


(Cortex and medulla) 


Mean: 12,490 


Humerus 
(Cortex) 
Femur 
(Cortex) 

Skull 
(Cortex) 

Rib 
(Cortex and medulla) 


9,690 
12,290 
13,130 
11,500 


Mean: 11,650 


234 29 0.16 


239 18 
216 23 
233 17 
229 16 


229 19 204 


* All values are based on fat-free bone. 


{dum content in excess of that associated with chloride, assuming chloride to be extracellular. . 
The ratio of extracellular sodium (based on chloride correction and a Donnan Factor of 0.96) to the total sodium 


content per Kg. of dry fat-free bone. 


molar ratio of 32.5 for dog bone given by Harri- 
son (22). On the other hand, Shohl’s (6) figure 
for human bone as containing 79 mEq. of sodium 
per kilogram of whole fat-free bone is about 50 
per cent lower than ours, while Harrison, Dar- 
row and Yannet’s (23) figure for dog bone of 142 
mEq. of sodium (corrected for extracellular so- 
dium by chloride content) per kilogram of fat- 
free bone solids is about 25 per cent lower than our 
corresponding figures for excess sodium‘ in dog 
bone (Table II—200 mEq. of excess sodium per 
kilogram of fat-free dry bone). These differences 
may be resolved, according to Bergstrom (24) on 
the basis that these earlier analyses involved a con- 
siderable coprecipitation of sodium with calcium 
and hence the lower sodium values. Other in- 
vestigators (25) assayed dog femur for sodium 
content by flame photometry after precipitation of 


7™“Excess sodium” is the sodium content in excess of 
that amount associated with chloride. Bone chloride is 
assumed to be free in the extracellular water. 


calcium with ammonium oxalate. They did not 
detect significant coprecipitation of sodium with 
calcium and their figure of 246 mEq. of sodium 
per kilogram of wet weight is about 45 per cent 
higher than our corresponding figure of 170 mEq. 
per kilogram of wet weight of femur (Table IT). 
On the other hand, Davies, Kornberg, and Wilson 
(26) using Na** as a tracer did detect 20 per cent 
coprecipitation of sodium with calcium and they 
reported the sodium content of human rib at 239 
mEq. per kilogram and of human femur at 300 
mEq. per kilogram of marrow free, whole bone 
(containing fat). 

In terms of total body composition for the hu- 
man, and on the basis that 16 per cent of the body 
weight is bone (19), that bone is approximately 30 
per cent water and 10 per cent fat, and with a 
mean sodium content of 230 mEq. per kilogram 
of dry, fat-free solids, the estimated bone sodium 
would be about 23 mEq. per kilogram of body 
weight. In other words, in a 70 Kg. human, the 
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y \ 4 
5 Femur 134 195 ; 
(Cortex) 
. 2 174 202 
1 | | 522 89 186 
| 
B. 
2 184 7,940 19 175 245 0.10 23 
: 2 218 9,610 170 148 187 0.14 33 
; 4 205 10,600 182 165 211 0.10 31 
4 319 7,830 155 136 ©6202 0.09 29 
0.11 29.0 


total bone sodium content comes to 1,500 to 2,000 
mEq. Similarly in the dog, with the skeletal 
weight comprising about 25 to 30 per cent of body 
weight (23) and a mean sodium content of ap- 
proximately 160 mEq. per kilogram of whole bone, 
the estimated sodium in bone would be 40 to 50 
mEq. per kilogram of body weight. 

Present evidence indicates that the excess bone 
sodium lies in the cement substance among the 
hydroxyapatite crystals and adsorbed on to the 
surface of these crystals (16, 27). 

3. Bone calcium: There is a surprising con- 
stancy of calcium content in most bones regardless 
of type or species origin. A figure of 12,000 mEq. 
per kilogram of fat-free bone solids approximates 
all of the values given in Table II. These data 
agree closely with the reported calcium analyses for 
human rib (12-14) and for bones from cats, rabbits 
and dogs (22, 28). Cattle femur cortex is more 
heavily calcified, having about 16,000 mEq. of 
calcium per kilogram of dry fat-free tissue (15). 
It seems fair to say that the calcium value of 5,250 
mEq. per kilogram of wet bone for human bone 
listed by Shohl (6) is in error by a factor of two. 
Robinson (16) summarizes the evidence as to the 
disposition of calcium in bone as follows: a) It 
forms a basic unit of the hydroxyapatite crystals, 
the formula for which is given as Ca,) P, O., H,; 
and b) it lies along with other cations (sodium and 
magnesium) in the amorphous cement substance. 


II. EXCHANGE STUDIES WITH RADIOSODIUM AND 
DEUTERIUM OXIDE 


A. Materials and Methods 


Seven adult mongrel dogs were studied. One hundred 
microcuries of Na™ was injected intravenously and sam- 
ples of bone and blood obtained under nembutal anesthesia 
over a period of 2 to 50 hours after injection. The time 
of sampling and the type of bone removed is given in 
Table III. In one human subject 100 microcuries of Na™ 
was administered intravenously. A segment of rib and a 
simultaneous blood sample were secured twenty six hours 
after the injection. Only 5 per cent glucose was used to 
rinse operative fields. 

About 2 to 3 Gm. of periosteum-free whole bone was 
placed in 20 ml. of 0.75 N nitric acid in a platinum cru- 
cible and heated until complete solution obtained; the 


acid was evaporated off leaving a charred ash. The bone 
ash was extracted with 20 ml. of warm distilled water. 
The extract was filtered through pre-washed glass wool 
and the volume of the filtrate reduced to about 2 ml. by 


BONE WATER AND ELECTROLYTES 


125 


gentle heat. Separate aliquots of the filtrate were taken 
for radioactive assay and sodium analysis. 

In order to carry out a more extended study of bone 
sodium exchange, three mongrel, adult dogs were injected 
with 150 microcuries of Na™ (t14= 3.0 years) and serial 
bone and blood biopsies obtained under aseptic conditions 
over a one-month period as listed in Table IV. To keep 
the serum specific activity constant during this period, the 
dogs were fed on a diet of sodium-poor, reconstituted milk 
(Lonolac), boiled rice and sugar. The sodium intake on 
this diet was estimated as approximately 2 mEq. per day. 
The bone samples obtained from dogs No. 28 and No. 78 
were treated as outlined above for the Na™ experiments. 
The samples obtained from Dog No. 15 were handled so 
as to permit analyses for calcium, sodium, and chloride 
contents. These samples were dried and defatted as de- 
scribed in Section I. After redrying, the bone solids were 
digested in nitric acid, the solution filtered and made up 
to 25 ml. of distilled water. Calcium, sodium, and chlo- 
ride analyses were carried out on a 15 ml. aliquot of the 
bone digests. To the remaining aliquot excess solid am- 
monium oxalate was added (1.e., 0.4 to 1.2 Gm.) and the 
calcium precipitated. The solution was neutralized with 
ammonia water, centrifuged and the supernatant evapo- 
rated to dryness. This was then extracted with 2 to 3 ml. 
of warm distilled water. Aliquots of this solution were 
used for radioactive assay and sodium analyses. 

All of the blood samples were centrifuged after clotting 
had taken place and recentrifuged until clear cell-free 
serum was obtained. Aliquots were then taken for radio- 
active assay and sodium analyses. 

Half ml. aliquots of serum and bone extracts were plated 
in duplicate and dried under infra-red lamps. The radio- 


TABLE III 
Uptake of radiosodium (Na*) by bone in dogs and a human 


Equilibration Bone S.A.® 
Subject time Tissue Serum S.A. 
hours ratio 
Dog No. 54 2 Skull 0.26 
— 
Dog No. 47 34 0.42 
(Cortex nedulla) 
Dog No. 36 3} Rib 0.37 
(Cortex + medulla) 
Dog No. 36 8 Rib 0.52 
(Cortex + medulla) 
Dog No. 37 24 Rib 0.53 
(Cortex + medulla) 
Dog No. 49 24 Skull 0.36 
(Cortex) 
Dog No. 49 24 emur 0.52 
(Cortex) 
Dog No. 59 49 Rib 0.58 
(Cortex medulla) 
Dog No. 67 50 Rib 0.56 
(Cortex + medulla) 
26 


Rib 
(Cortex + medulla) 


* The ratio of bone sodium specific activity to serum 
sodium specific activity. 


\ 
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TABLE IV 
Uptake of ratiosodium (Na™) by bone in dogs* 


Equili- Correctedt 
bration Body Serum BoneS.A.  BoneS.A. 
time weight sodium Tissue SerumS.A. SerumS.A. 
days Kg. mEq./L. ratio ratio 
Dog No. 15 
1 13.2 148 Rib 0.45 0.41 
7 12.8 149 Rib 0.49 0.46 
14 12.7 149 Rib 0.55 0.52 
21 12.8 145 Rib 0.58 0.47 
28 145 Rib 0.56 0.51 
28 145 Skull (cortex) 0.49 0.48 
28 145 Femur (cortex) 0.53 0.47 
Dog No. 28 
1 15.0 147 Rib 0.27 
3 15.5 146 Rib 0.49 
8 15.0 147 Rib 0.45 
15 15.0 147 Rib 0.49 
29 14.5 142 Rib 0.49 
29 14.5 142 Skull (cortex) 0.43 
Dog No. 78 
1 20.8 148 Rib 0.46 
8 20.0 146 Rib 0.44 
17 18.6 144 Rib 0.48 
24 18.6 149 Rib 0.37 
24 18.6 149 Skull (cortex) 0.35 
30 17.8 145 Rib 43 


* These animals were maintained on a low salt (rice, salt 
poor milk and sugar) diet throughout the period of study 
beginning on the day preceding injection. 

t Corrected for free extracellular sodium, assumed to be 
completely exchangeable, and based on the chloride con- 
tent of these samples, the serum chloride and a Donnan 
Factor of 0.96. 


activity was measured with a thin, mica end-window G-M 
tube (Tracerlab No. TGCl) and an autoscaler, with a 
fixed geometry for all samples. Counting efficiency was 
about 25 per cent. A minimum of 5,000 counts were col- 
lected on each planchet. All counts were corrected for 
coincidence loss (0.4 per cent per 1,000 counts per min.), 
background and radioactive decay. A correction for self- 
absorption was applied to the serum samples where the 
dried solids caused measurable diminution in the counting 
rates. For the Na™ samples it was about 20 per cent. 
The bone extracts other than those of Dog No. 15 con- 
tained a very small amount of solid, and self-absorption 
was neglected. For the self-absorption by the bone solids 
in the digests from Dog No. 15 a standard curve, con- 
structed by measuring the absorption caused by known 
weights of bone ash on standard Na” plates, was applied. 
Sodium analyses in serum and bone extracts were made 


8 Na™ is a 8 —, y emitter with a half-life of 15.04 hours 
(29) and Na”™ is a 8+, y emitter with a half-life of 3.0 
years (30). The purity of two of the Na™ shipments and 
the three Na™ shipments was tested by prolonged observa- 
tion of their separate rates of decay. In all instances there 
were no significant differences from the expected values 
of 15.04 hours and three years, respectively. 
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with an internal-standard flame photometer (Barclay) 
(8). The bone extracts containe1 small, but variable 
amounts of calcium and except for the first few experi- 
ments, this was removed by precipitation with ammonium 
oxalate. 

Four mongrel adult dogs were injected with 99.8 per 
cent deuterium oxide for the purpose of estimating bone 
water exchange. Samples of blood and bone were drawn 
at the times indicated in Table V. The periosteum was 
stripped from the bone prior to resection in a dry field. 
The bone biopsies were immediately wrapped in several 
layers of aluminum foil to avoid atmospheric loss of heavy 
water and both serum and bone samples were stored at 
— 25° C. until analyzed. Bone water was collected by 
vacuum distillation for 8 to 12 hours after crushing the 
aluminum covered samples. The details of the methods 
for D,O analyses with the mass spectrometer (bone wa- 
ter), and with the falling drop apparatus (serum) have 
been published previously (31, 32). 


B. Calculation of the Exchangeable Fraction 


The ratio of the specific activity in a given tissue to that 
in serum will give the fraction of the element exchanged 
provided that the specific activity in the serum is constant 
or nearly so during the period of equilibration. This can 
be stated as follows: 


a 
a) F.E. = A ’ 
where F.E. = fraction exchanged, 


a = amount of the original substance replaced 
by isotope from serum, and 


A = Total amount of the parent substance in the 
tissues. 


Since the tracer concentration in the serum is constant the 
number of tracer particles N* in the tissue is given by: 


b) N* = (S.A.), Xa 


Where (S.A.), is the serum specific activity. The tracer 
concentration in the tissue is: 


(S.A): = GAN 
Therefore: 

a (S.A.) 
d) F.E. = A = GA). 


While equating the ratios of the specific activities in tissue 
and serum to the fraction exchanged is not rigorously pre- 
cise, it is sufficiently accurate for the purposes of this 
study. 


C. Results 

Equilibrium of distribution for radiosodium re- 
quires about 12 to 24 hours (21, 33, 34). Tissues 
other than bone (t.e., skin, skeletal muscle, brain, 
kidney, liver, heart, stomach, and erythrocytes) in 
dog and man show a ratio of tissue to serum specific 
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TABLE V 


Bone composition—dog No. 15 * 
(Maintained on a low sodium [rice] diet) 


Sodium 


Equilibration 
ti content 


Chloride 
content 


Calcium 
content 


mEq./Kg. 


mEq./Ke. mEq./Kg. 


11,940 


* All values are expressed per Kg. of dry fat-free bone. 


peer for free extracellular sodium in association with chloride and a Donnan Factor of 0.96. 


An assumed value. 


activity of 1.00 in 24 hours (33). The data on the 
results of Na™ uptake in bone are listed in Table 
III. The bone to serum specific activity ratios for 
rib, skull, and femur indicate that from 35 to 58 per 
cent of bone sodium has exchanged in 3 to 24 
hours. In general, these data agree reasonably 
well with similar studies in dogs and humans by 
other investigators (21, 25). It should be noted, 
however, that Davies, Kornberg, and Wilson (34) 
reported only 25 per cent exchange of sodium in 
marrow-free human ribs. 

One of two interpretations might be offered to 
explain the findings of incomplete exchange. Ex- 
change of bone sodium may continue at a slow 
rate and require a few days or even weeks to reach 
completion or else there may be a phase of bone 
sodium which is excluded from equilibration with 
serum sodium and no further exchange would 
In order to discriminate between these two 


occur. 


TABLE VI 
The uptake of D2O by dog bone * 


possibilities the more extended study using Na™ 
and summarized in Table IV was undertaken. 
To satisfy the condition of a constant serum specific 
activity during the one-month period of study, 
these animals were fed on a low sodium (~ 2 mEq. 
per day) diet. The specific activity of the serum 
fell 13 per cent, 13 per cent, and 3 per cent in the 
three animals, respectively, at the end of the one- 
month period of study. The results indicate that 
approximately 45 per cent of bone sodium is readily 
exchangeable and that the remainder shows no 
tendency to exchange over a period of four weeks 
—this, in the face of a low sodium diet of the kind 
which probably produces extracellular sodium de- 
pletion of a significant degree (35-37). In Dog 
No. 15 an estimate of chloride-free (excess) bone 
sodium exchange was made (TableIV). The cor- 
rected exchangeable sodium is only reduced by 
some 10 per cent on the assumption that all of 


Rib (cortex + marrow) 


Equilibration 


Dog time t/st 


Radius and femur (cortex) 


Equilibration 


14 days 


* Rib samples were analyzed as cortex 


serum water and both expressed as volume per cent D,O 


ay marrow. Radius and femur were solely cortical samples. 
¢ t/s is the ratio of the concentration of D,O in bone water to the concentration of DO in a simultaneously drawn 
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E 
days | mEq./Kg. 
3 Rib 1 198 11,200 10.2 185 ee 
Rib 7 196 11,500 8.2 185 
Rib 14 207 11,520 12.5f 191 a 
Rib 21 204 11,890 32.4 163 ade 
Rib 28 191 11,700 13:5 174 Ae 
Skull 28 202 11,936 199 
Femur 28 188 18.6 164 
Dog t/st 
“i number hours ratio number hours ratio 
105 0.6 0.94 105 0.8 0.84 (Radius) i 
452 1.2 0.87 105 iss 0.88 (Femur) Site 
15 12 0.92 452 2.0 0.95 (Radius) gs | 
452 1.4 0.95 452 3.9 0.96 
105 2.1 0.89 15 8 days 1.03 (Femur ape 
148 ae 0.84 Ad 
15 21.0 1.06 | 
15 7 days 1.00 
15 8 days 1.00 
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the bone chloride is freely circulating in extracel- 
lular fluid and that its associated sodium is freely 
exchangeable. This suggests that most of the ex- 
changeable sodium may be associated with the solid 
phase of bone. Table V lists the chemical composi- 
tion of rib, skull, and femur in Dog No. 15 during 
its maintainance on the low sodium regimen. 
These data do not show clear-cut evidence of bone 
dissolution or of loss of bone sodium to the extra- 
cellular “pool,” since sodium content, calcium con- 
tent, and bone sodium in excess of chloride did not 
show variations outside of the limits of combined 
analytic and sampling errors during the period of 
study. 

In contrast to bone sodium, the data on bone wa- 
ter exchange, detailed in Table VI, indicate com- 
plete exchangeability after 2 to 4 hours in rib, 
radius, and femur. For tissues other than bone, 
water exchange is complete in from minutes to two 
hours (38). The technique of collecting bone wa- 
ter by vacuum distillation surely does not sample 
the water bound to bone crystals since very high 
temperatures are required to release this water 
(39). However, water of crystallization consti- 
tutes a negligible fraction of total bone water (7). 


DISCUSSION 
A. Bone composition 


Harrison, Darrow, and Yannet (23) recognized 
the unique character of bone sodium pointing out 
that most of it exists in excess of chloride (i.e., 
excess sodium) and that its large magnitude pre- 
cludes it from osmotic equilibrium with freely cir- 
culating extracellular fluid. Hendricks and Hill 
(27) reasoning on the basis of the differential sol- 
ubility of bone sodium, concluded that sodium is 
located on the crystal lattice surface. Our data 
showing a fixed exchange of about 35 to 45 per 
cent for excess bone sodium indicate that some- 
what more than 50 per cent of the sodium associ- 
ated with the solid phase of bone is excluded from 
direct contact with serum sodium. By contrast all 
or almost all bone water is completely exchangeable 
supporting the view that excess bone sodium exists 
in a separate phase, i.e., in association with the in- 
organic crystal structure. 
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B. Metabolism of bone sodium and water 


In view of the relatively large amounts of so- 
dium and water in bone, the question of the metabo- 
lism of these substances in disease states may be 
of some importance. The estimate that there is 
about 1600 mEq. of bone sodium (approximately 
1400 mEq. of excess sodium) and 2 to 4 liters of 
bone water in a 70 Kg. adult is admittedly a crude 
one but it suffices to indicate the magnitude of 
these stores. 

Until recently, direct evidence of displacement 
of sodium from bone to circulating extracellular 
fluid has been lacking. Bergstrom (40) observed 
that in rats acute sodium and potassium depletion 
resulted in a mobilization of both of these cations 
from bone. Other investigators (25) could not 
demonstrate any significant changes in bone so- 
dium content in adrenalectomized dogs although 
the rate of bone sodium exchange using Na** as 
a tracer appeared to be depressed in the adrenal 
insufficient animals as compared to the controls. 
At the present time, additional evidence that bone 
acts as a reservoir for sodium and water in acute 
disturbances in animals other than rats is needed. 
In chronic disease states this question may become 
complicated by the effect of bone dissolution and 
the obligatory release of sodium and water second- 
ary to such a process. In the interpretation of 
exchange data in bone, isoionic or isomolar ex- 
change is meaningful only over relatively short pe- 
riods, i.e., of the order of weeks. Since bone is 
constantly being formed and destroyed, all sub- 
stances must eventually reach “equilibrium” with 
serum. 


C. Distribution of sodium and water in the body 


By the use of tracers, total body constituents or 
their exchangeable fractions may be measured for 
water, sodium, potassium and chloride (18, 21, 
41-47). It is appealing to combine these dilution 
techniques with some measure of the total extra- 
cellular phase so that a valid estimate of the mean 
intracellular constituents may be obtained. Were 
a dilution method for the extracellular phase to be 
available, it might be possible to express average 
figures for intracellular concentration. Such cal- 
culations have been carried out (48) but they are 
at best only approximations because there is no 
method currently available which will measure ac- 


= 
4 


curately the extracellular phase under all condi- 
tions, both normal and pathological. Recent ex- 
perience in these laboratories suggests that while 
the thiosulfate space (49) is a reproducible meas- 
urement in the normal individual, it is not well 
adapted to pathological situations. For these 
reasons, then, it is not possible to determine how 
much of the total exchangeable sodium is in the 
extracellular phase and how much is elsewhere, 
either in cells or bone, in the living patient. The 
data presented in this paper will permit estimate 
of an order of magnitude for the normal individual. 

Estimates of mean intracellular water in man 
based on the difference between antipyrine dilu- 
tion and bromide or inulin dilution have been re- 
ported (50). Deane (51) carried out a similar 
study in normal men using antipyrine, and sucrose 
as the measure of the extracellular water. Since 
there does not appear to be any data on the pene- 
tration of inulin or sucrose into bone water, these 
estimates may involve errors of from 2 to 4 liters 
of water as intracellular water, an uncertainty 
which remains to be resolved. 

Similar studies on estimates of mean intracellu- 
lar cation concentrations (sodium and potassium) 
based on total body water, inulin and sucrose dilu- 
tion and Na** and K** exchangeable mass in dog 
(52) and man (53) have been reported. It hardly 
seems likely that the chloride-free bone sodium 
(approximately 200 mEq. per kilogram of fat-free 
solids) would be included as extracellular ions 
based on either inulin or sucrose dilution. Har- 
rison, Darrow, and Yannet (23) pointed out that 
the excess bone sodium is osmotically inactive and 
relatively insoluble. 

Similarly, it has been emphasized that true mean 
intracellular cation concentrations could not be ex- 
pected from a combination of tracer methods be- 
cause of the heterogeneity of the total extracellular 
space both in terms of its fluid and its solid con- 
stituents (48). Deane and Smith (53) report 
the mean intracellular sodium concentration to 
be 37.0 mEq. per liter of cell water in human 
subjects. If one corrects their data just for ex- 
changeable excess sodium in bone alone and as- 
suming this quantity to be mistakenly included as 
intracellular, one arrives at a mean intracellular 
sodium concentration of approximately 15 mEq. 
per liter, a figure which is more consistent with 

histochemical analyses (54). 
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In spite of the failure of multiple dilution meth- 
ods in attempting to arrive at an absolute meas- 
ure of intracellular substances, these methods 
should prove useful in the study of relative changes 
of body composition in the human subject (48). 


SUMMARY 


1. Sixteen human bone samples and twelve dog 
bone samples were analyzed for water, calcium, 
sodium and chloride contents. Human bone was 
found to contain 12,490 mEq. of calcium, 234 mEq. 
of sodium, 198 mEq. of excess sodium and 29 
mEq. of chloride per kilogram of fat-free bone 
solids as a mean value. The water content of 
these samples varied from 134 Gm. to 522 Gm. per 
kilogram of wet, fat-free bone. In the dog mean 
values of 11,650 mEq. of calcium, 229 mEq. of so- 
dium, 204 mEq. of excess sodium and 19 mEq. 
of chloride per kilogram of fat-free bone solids were 
obtained. The water content of these samples 
varied from 184 Gm. to 319 Gm. per kilogram of 
wet, fat-free tissue. 

2. In seven dogs and one human subject it was 
found that approximately 45 per cent of bone so- 
dium is exchangeable in about four hours and that 
no further exchange was evident over the next 20 
hours. In three dogs on a low sodium diet bone 
sodium exchange did not increase from the initial 
level of about 45 per cent over a one-month period. 

3. In four dogs bone water exchange was stud- 
ied from 0.6 hour to 14 days after injection of D,O. 
It was found that about four hours after injection 
bone water had exchanged completely with serum 
water. One hundred per cent exchange was noted 
for the next 14 days. 

4. The implications of these data on the calcula- 
tion of intracellular constituents from multiple 

dilution studies are discussed. 
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There are marked hourly variations in the uri- 
nary output of sodium, chloride, and potassium in 
normal subjects. Some of these are clearly re- 
lated to intake and others are produced by major 
physiologic adaptations, as changing from the su- 
pine to the erect position. However, considerable 
variations occur from day to day and hour to hour 
in the fasting supine subject. The purpose of this 
paper is to report the variations in excretion of 
Na, Cl, and K in normal subjects at rest and dur- 
ing motionless standing and compare them with 
the changes produced by cortisone and desoxy- 
corticosterone glucoside (DCG), and after adrenal 
stimulation by corticotropin (ACTH). 


METHODS 


Sodium and potassium in urine were measured by the 
flame photometer (1). Urinary chloride was meas- 
ured by the silver iodate method (2). 

Normal healthy college students were used. For 
three days before the experiments, the subjects were 
on a low-sodium diet (less than 0.5 Gm. NaCl) and 
were given 3 Gm. of NaCl orally every three hours. 
This was a daily intake of 24.5 Gm. NaCl or 422 mEq. 
We hoped that this high intake of NaCl would inhibit 
the mechanism normally causing retention of NaCl and 
thus allow ACTH, cortisone and DCG to have maximum 
action on salt excretion. 

Except for water, ad lib., and 3 Gm. of NaCl every 
three hours, subjects were fasted for 12 hours before 
the experiment. In most instances, they slept in the 
laboratory on the night before the experiment. From 
6:00 a.m. to the end of the experiment, 200 cc. of 0.5 per 
cent NaCl were given orally every hour and the sub- 
jects voided every hour. With the exception of the 
tilting experiments, the subjects remained supine through- 
out the period of observation. These experiments were 


1 This drug was furnished by L. V. Curtin of Merck 
& Co., Rahway, New Jersey. 

2This drug was furnished by Dr. W. E. Wanger of 
the Ciba Pharmaceutical Products, Summit, New 
Jersey. 

8 This investigation was supported by a research grant 
from the Life Insurance Medical Research Fund. 


designed to measure the effect of ACTH, cortisone, DCG 
and tilting on the excretion of Na, C!, and K. The ex- 
cretion rates during the first and second hours were 
compared with the excretion rates for the first and sec- 
ond hours of the control group to be certain that com- 
parable factors were acting during all sets of experi- 
ments. Two hours after the experiment started, ACTH, 
DCG and cortisone were given. In determining whether 
significant changes had occurred after the use of drugs, 
comparable hours were compared with those from the 
control series. 


RESULTS 


Fasted subjects in bed without medication. 
Twelve experiments were run on five subjects. 
The hourly excretion (not recorded here) of Na, 
K, and Cl from 6:00 a.m. to 12:00 noon varied 
up and down from day to day and hour to hour 
There 


in both the same and different subjects. 
was no detectable correlation between the initial 
hourly excretion rate and the ratios Na/Cl, K/Cl, 
and K/Na. Over the six hours of the experiment, 
in spite of wide hourly variations, the quantities of 
Na, K, and Cl excreted progressively increased. 


The Na/Cl ratio showed little change. The 
K/Na and K/CI ratios rose slightly in the first 
four hours as K excretion increased and then fell 
back toward the initial values as Na and Cl ex- 
cretion continued to rise (data not recorded). 
Intravenous ACTH. Seven experiments were 
run on four subjects. ACTH (Wilson) was 
given intravenously in three minutes in doses of 
20 units at 8:00 a.m. In the first two hours before 
ACTH, Na excretion was somewhat less than in 
the fasted group (p < .05). The excretion of K, 
Cl, and Na/Cl, K/Cl, and K/Na ratios were 
similar to the fasted group. In the fifth and sixth 
hours (three to four hours after ACTH), the ex- 
cretion of K and Cl had increased. The Na ex- 
cretion was less than in the control group but this 
cannot be interpreted as representing ACTH ef- 
fect, for the fasting Na excretion of this group 
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was also lower than the control series. The cal- 
culated difference in means was not significant 
(p> .05). The K excretion was markedly 
greater than in the fasting group; the Cl excre- 
tion was the same. As compared with the fasted 
group there was a significant decrease in Na/Cl 
and significant rises in the K/Cl and K/Na 
ratios. 

Oral cortisone. Four experiments were done 
on two subjects. One hundred milligrams of corti- 
sone was given orally at 8:00 a.m. Compared to 
the fasted group, there was no significant differ- 
ence in the excretion of Na, K, Cl, or in the Na/Cl, 
K/Cl, and K/Na ratios before cortisone was given. 
At the fifth and sixth hours (third and fourth 
hours after cortisone) there was not a significant 
rise in Na excretion, but Cl and K excretion were 
increased. As compared to the fasted group there 
was a significant increase in the excretion of K, 
but no difference in the excretion of Na and Cl. 
However, in the third and fourth hours after 
cortisone the Na/Cl ratio showed a significant 
fall and the K/Cl and K/Na ratios showed a sig- 
nificant rise. 

Intravenous desoxycorticosterone glucoside. 
Five experiments were done on two subjects. 
They received 50 mg. of DCG intravenously at 
8:00 a.m. Comparison of the control first and 
second hours with the first and second hours be- 
fore DCG was given showed no significant dif- 


NA, K, CL EXCRETION WITH ADRENAL STEROIDS AND STANDING 


TABLE I 
Comparison of excretion of Na, K, Cl in mEq. and Na/Cl, K/Cl, K/Na ratios * 
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ference in excretion of Na, K, and Cl and no dif- 
ference in the Na/Cl, K/Cl, and K/Na ratios. 
In the fifth and sixth hours of observation (third 
and fourth hours after DCG), the excretion of K 
had risen but there was no significant rise in ex- 
cretion of Na and Cl. In comparison to the fasted 
group, DCG caused a retention of Na and C1. 
The K excretion was no greater than in the con- 
trol group. There was a significant fall in Na/Cl 
ratio and a significant rise in the K/Cl and K/Na 
ratios. 

Tilt. Twelve experiments were done on five 
subjects. Comparison of excretion of Na, K, and 
Cl and Na/Cl, K/Cl, and K/Na ratios in the first 
two hours with the fasted group showed no sig- 
nificant differences. As compared to the unpub- 
lished three to four hour control period, in the 
first and second hours after head up tilt at an 
angle of 45 degrees above the horizontal, there 
was a striking decrease in excretion of Na and Cl. 
K excretion was not reduced in absolute amounts 
but did not show the rise seen in the subjects re- 
maining flat. Tilting caused a fall in Na/Cl 
ratio and a rise in K/Cl and K/Na ratios. 


DISCUSSION 


These data show that in the doses used, ACTH, 
cortisone and DCG have a similar effect on the 
patterns of excretion of Na, Cl, and K. No defi- 
nite changes are present until after two hours. 


Hourst Na SE p*t K SE p* Cl SE p* |Na/Cl SE p* |K/Cl SE p* |K/Na SE p* 
15.3+1.45 3.140.43 16.0+1.52 0.858 +0.053 0.214 40.025 0.219 +0.018 
Control (10) (7) (10) 
5-6 | 22.8+1.32 5.4+0.42 25.8 +1.38 0.902 +0.035 0.213 +0.017 0.256 +0.013 
p#t <.01 <.01 <.01 >.05 >.05 >.05 
1-2 11.1 $1.32 <.05 2340.44 >.05 12.6 41.56 >.05 0.887 40.022 >.05 0.230 0.025 >.05 | 0.260+0.028} >.05 
5-6 | 15.0+1.74 | <.01} 9.340.41 | <.01] 22.7+1.95 | >.05 | 0.696+0.024| <.01 | 0.424+0.038} <.01 | 0.723+0.029| <.01 
p# >.05 <.01 <.01 <.01 <.01 <.01 
-2 | 14.642.2 >.05| 3.44041 | >.05] 14.842.2 >.05 | 0.974 40.024] >.05 | 0.176+0.022| >.05 | 0.202+0.025|} >.05 
Cortisone (4) 4 (4 4 4 4) 
5-6 | 19.8+1.16 | >.05] 7.440.51 | <.01| 25.8+41.2 >.05 | 0.771 40.041] <.05 | 0.287 +0.022| <.05 | 0.391+0.048} <.05 
p# >.05 <.01 <.01 <.01 <.01 <.01 
1-2 | 12.8+1.61 | >.05| 2.640.40 | >.05| 13.7+2.26 | >.05 | 0.923+0.030| >.05 | 0.199+0.016] >.05 | 0.220+0.022| >.05 
DCG (5) (5) (5) (5) (5) (5) 
5-6 | 12.942.24 | <.01] 6640.62 | >.05] 18.7+1.42 | <.01 | 0.664+40.046| <.01 | 0.365+0.040] <.01|0.618+0.115] <.01 
p# >.05 <.01 >.05 <.05 <.01 <.01 
1-2 | 14.541.25 | >.05]| 2.640.38 | >.05| 18.741.67 | >.05|0.813+0.039] >.05 | 0.185+0.010] >.05 | 0.202+0.045| >.05 
Tilt (12) (6) (12) (12) (12) 
3-4 6.5+0.93 | <.01] 2.440.25 | <.01} 9.341.03 | <.01]0.693+0.025| <.01 | 0.295+0.035| <.01 | 0.489+0.033| <.01 
pt <.01 >.05 <.01 <.02 <.01 <.01 


* Numbers in parentheses indicate the number of experiments. 
LE al means excretion during first and second hours; ‘‘5—6”’ means excretion during fifth and sixth hours. 


p* as compared to the corresponding period in the control. 


p# as compared to the first two hours of experiment. 
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The pattern of changes consists of a relative de- 
crease in the excretion of Na as compared to Cl 
and an increase in the excretion of K as compared 
to the excretion of Na and Cl. In the data re- 
ported here the changes in Na/Cl, K/Cl, and 
K/Na ratios proved a more easily measurable in- 
dex of the activity of the drugs tested than did the 
measurement of the amount of each electrolyte ex- 
creted. In the doses used, only DCG caused 
demonstrable retention of Na and Cl. Both 
ACTH and cortisone caused an increased excre- 
tion of K. In observations on rats the K/Na has 
been found to be a more delicate indication of 
desoxycorticosterone activity than the absolute of 
Na and K excretion (3). 

Other authors giving ACTH intramuscularly 
have reported that an increased excretion of 
Na, Cl, and K occurs after a single dose (4, 5). 
These authors studied the excretion of electrolytes 
in the morning after omitting breakfast. No data 
are given to demonstrate that the increased rates 
of electrolyte excretion are actually caused by 
ACTH and not due to combination of increased 
K excretion expected from fasting (6) and the 
increased NaCl excretion which may occur spon- 
taneously in the morning hours (7). 

The hour-to-hour variations in excretion of Na 
and Cl on the same and different days do not ap- 
pear to be solely controlled by increases and de- 
creases in hormonal activity of a type similar in 
action to cortisone and DCG or adrenal stimula- 
tion by ACTH. If these variations were the re- 
sult of such changes in hormonal activity, one 
might expect to find a correlation between the 
amounts excreted and the pattern of excretion of 
Na, K, and Cl. These are not found. 

Tilting to the head-up position causes a strik- 
ing decrease in the excretion of Na and Cl. Both 
in time and magnitude the effect is dissimilar to 
that seen after ACTH, cortisone, and DCG. K 
excretion is unchanged and this results in a rise 
in K/Cl, K/Na ratios. The Na/Cl ratio falls, in- 
dicating a greater retention of Na than Cl. 

Although tilting produces the same pattern of 
changes in ratios as did the drugs tested, these 
observations do not support the thesis that the 
absolute retention of Na, Cl, and K on tilting to 
the head-up position is caused primarily by re- 
lease of a hormone having the activity of corti- 
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sone or DCG or adrenal stimulation by ACTH. 
The changes in the ratios leave unanswered the 
possibility that an increase in adrenal activity pro- 
duced by ACTH might be responsible for the rela- 
tively greater excretion of Cl and K in compari- 
son to Na. These data do not bear on the ques- 
tion of the production of other salt-retaining 
steroids by the adrenals. It has recently been 
shown that l-epinephrine and 1-norepinephrine 
cause retention of Na and K (8, 9). Increased 
production of these compounds during motionless 
standing may occur. 


SUMMARY 


1. In normal fasted subjects on a constant in- 
take of NaCl for three days, there are striking 
variations in the excretion of NaCl between 6:00 
a.m. and 11:00 a.m. In subjects receiving 200 
cc. of 0.5 per cent NaCl solution from 6:00 a.m. 
to 11:00 a.m., there is a rise in K excretion and 
an irregular but definite increase in the excretion 
of Na and Cl. 

2. Single doses of ACTH (20 units i.v.), corti- 
sone (100 mg. orally), and desoxycorticosterone 
glucoside (50 mg. i.v.) cause a change in electro- 
lyte excretion detectable in the third and fourth 
hours after their administration. The Na/Cl ra- 
tio falls and K/Cl and K/Na ratios rise. Under 
the condition of these experiments only DCG 
caused a demonstrable retention of Na and Cl. 
ACTH and cortisone increased the excretion of 
K. None of these drugs caused an increased ex- 
cretion of Na or Cl. 

Head-up tilting to an angle of 45 degrees pro- 
duced a fall in electrolyte excretion which be- 
gan in the first hour and was of an order of mag- 
nitude not seen with the drugs used. It appears 
unlikely that stimulation of the adrenal by ACTH 
or the production of cortisone or DCG is impor- 
tant in the striking salt retention produced by mo- 
tionless standing. 
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INTRODUCTION 


lodination of human serum albumin has been 
investigated considerably. A careful report and 
review of the literature on physico-chemical as- 
pects was given recently by Hughes and Straessle 
(1). These authors state: “The experiments re- 
ported indicate that considerable amounts of io- 
dine, varying from very small amounts, to amounts 
greater than the equivalent of the tyrosol resi- 
dues, may readily be introduced into human se- 
rum albumin without detectable changes. 
A further discussion of the properties of these 
iodoproteins is given. Under similar conditions 
of preparation, radioactive (1I'*') iodinated human 
serum albumin (IHSA) could be expected to dis- 
play properties consonant with the above investi- 


gation. 

A commercial IHSA preparation ' has become 
available recently and was used during investiga- 
tions in this laboratory concerning vascular dam- 
age following small doses of ionizing radiation 
(2). The ITHSA disappearance rate from the 
circulation was established in control rats and 
compared with that of irradiated animals; the 
effects of the ionizing radiation were indicated by 
the altered [HSA disappearance rate from the 
vascular bed. In these experiments, it was noted 
that the [HSA disappearance rate in control ani- 
mals showed irregularities. In the first hour after 
injection, the disappearance rate was faster than 
expected. This observation suggested that an in- 


1 Aided in part by grants from the Atomic Energy 
Commission, Contract No. AT (30-1) 1068 and Eli Lilly 
and Company. 

*James Purcell Memorial Research Fellow, Depart- 
ment of Surgery. 

’ Luria Foundation Fellow. 

* Obtained from Abbott Laboratories, North Chicago, 
Illinois (Lot. Nos. A-254-24, B-21-27, B-210-41, and 
B-233-1). 


vestigation should be made on the physico-chem- 
ical properties of the [HSA preparation. 


METHODS 


Zone paper electrophoresis was utilized with the ap- 
paratus of Kéiw, Wallenius, and Groénwall (3-5). 
Runs were made using veronal buffer pH 8.6, ionic 
strength of 0.05, 240 volts, Munktell No. 20 and What- 
man No. 1 filter paper. After a varying migration time, 
wet paper strips were removed, placed in a 70° C. oven 
to dry for an hour and subsequently stained with 
bromphenol blue (3). 

Racicautography was accomplished by placing — the 
filter paper strip against Kodak Medical X-ray film 
(tinted safety base, duplitized) and arranging the two 
strips between pieces of plate glass which were com- 
pressed by weights during the period of exposure. 
Identification marks were pricked through both strips 
to permit reconstruction of their relative positions after 
completion of radioautography. The film was developed 
in Kodak D-19 developer for four minutes, fixed in 
Kodak Acid Fixer twice the clearing time, and washed 
in water for one hour. 

Measurements of radioactivity were carried out by 
two different methods. In some experiments the filter 
paper was cut across into 5 mm. strips which were then 
cut into three pieces and placed, all with the same side 
up, in a planchette under a thin mica end-window type 
Geiger-Mueller tube (TGC-1). All radioactivity was 
measured with a scaler (Tracerlab Autoscaler) with a 
counting accuracy of better than + 2 per cent. 

For measuring the radioactivity in other experiments, 
a special device designed in this laboratory > was em- 
ployed (Figure 1). A filter paper strip was fixed at 
both ends to a flat, thin brass plate which was attached to 
a threaded screw. Rotating a connected circular handle 
advanced the brass plate, and the paper strip, 0.05 inch 
per turn. This brass plate and turning screw assembly 
was bolted to a lead shield (Tracerlab). A separate 
part, containing an adjustable slit and made of 7 mm. 
thick iron, was centered with respect to the Geiger- 
Mueller tube and placed at 1 mm. distance above the 
brass plate. Width of the slit was 2 mm. and its length 
equalled the width of the brass plate. This part was also 
bolted to the lead shield. 


* Built by Van Collie Studios, Wilton, Connecticut. 
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PAPER ELECTROPHORESIS OF 


RADIO-IODINATED SERUM 


ALBUMIN 


Fig. 1. 


CONSTRUCTION OF SCANNING DevICE FOR MEASURING 


ON A Paper STRIP 
A—lock handle; B—rotating disk; C—lock notch; D—stable 
disk; E—frame; F—moving block; G—brass plate: H— sta- 
bilizing rods; I—screw; J—stable block; K—adjustable slit. 


Protein-bound dye determinations were made, after 
the radioactivity measurements, by cutting the filter pa- 
per strips into 5 mm. sections, placing these strips in 


test tubes and eluting the dye in 5 ml. of 5 per cent 
sodium carbonate in 50 per cent methanol. After an 
hour, the color intensities of the eluates were determined 
in a Beckman spectrophotometer at 595 mu. 


EXPERIMENTAL 


Samples for zone paper electrophoresis were 
prepared by mixing 1.0 ml. IHSA with 1.0 ml. 
normal human blood serum and pipetting 0.04 ml. 
of this mixture onto Munktell No. 20 or What- 
man No. | filter paper. Figure 2 indicates the re- 
sults of this experiment. Radioactivity appears 
increasingly detectable from the “starting point,” 
1.¢., the place where the drop was applied, to the 
albumin fraction. The greatest amount of radio- 
activity does not coincide with the localization of 
the normal human serum albumin. In all of the 
37 electrophoretic runs using four different 
batches of THSA, the peak of radioactivity ap- 
peared distinctly ahead of the normal human se- 
rum albumin. 

In rats, 0.5 ml. IHSA was injected intra- 
venously into two normal animals. Two hours 
later, blood samples were taken, allowed to clot, 
and centrifuged to obtain the serum for electro- 
phoresis. Figure 3 shows one of the results. The 
picture appears identical to the THSA-human 
serum experiment in that the THSA is slightly 
separated from the rat albumin, and an increasing 
amount of radioactivity can be noted from the 
starting point to the albumin peak. 


Further experiments were performed to  in- 
vestigate this large amount of radioactivity which 
continually appeared in the area usually occupied 
by the globulins. Human blood serum and IHSA 
were mixed as above, but the drop was pipetted 
During 
electrophoresis of these samples, the cathode and 


onto the middle of a filter paper strip. 


anode were switched after three hours and the 


RADIOACTIVITY 


—— PROTEIN 


\ 


20 CM 


Fig. 2-a. ELecTROPHORETIC PATTERN ON MUNKTELL 
No. 20 Fitter Paper oF HUMAN SERUM MIXED 
with IHSA 


The arrows represent starting point and direction of 
migration. Curve labeled “protein” shows concentra- 
tion of bromphenol blue stain eluted from 0.5 cm. strips. 
Other curve is radioactivity measured from same strips. 
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RADIOAUTOGRAPH (UPPER) AND PictURE (LOWER) OF A 
SIMILAR EXPERIMENT 


Arrows represent starting points. Vertical lines show limits 
bromphenol blue staining. Note increased migration and_ trailing 


IHSA on radioautograph. 


Fic. 2-b. 


end of the pattern and radioactivity between the 


two peaks seems greatly diminished. 
Hence, it was apparent that [HSA might con- 
This sup- 


run was continued for another nine hours. Fig- 
ure 4 shows the results of this experiment. 
Whereas the bromphenol blue staining appears 
as usual, the radioactivity curve is quite different. 
In this three hour-reverse current-nine hour elec- 
trophoresis, there is a peak of radioactivity at each 


tain at least two distinct fractions. 


RADIOACTIVITY 


i 


Fic. 4-a. ELectropHoreTic PATTERN ON MUNKTELL 
No. 20 Fitter Paper oF NorMat HuMAN SERUM 
Mixep IHSA 
Munxtett No. Arrows indicate the starting point, the initial three 
hour migration and then nine hour migration in the op- 
posite direction. Curve labeled “protein” shows con- 


centration of bromphenol blue stain eluted from 0.5 cm. 
Other curve is radioactivity measured from same 


Fic. 3. PATTERN ON 
20 Fitter Paper oF Rat Bioop SERUM 

IHSA was injected intravenously two hours before 

blood sample was taken. Arrows show starting point 

and direction of migration. For curves labeled “protein” strips. 

and “radioactivity” see Figure 2-a. strips. 
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PAPER ELECTROPHORESIS OF 


Fic. 4-b. 


RADIO-IODINATED SERUM 


(UPPER) 
OF A SIMILAR EXPERIMENT 


ALBUMIN 


AND Picture (LOWER) 


Arrows represent starting point. Vertical lines show limits of 
brompheno! blue staining. Note considerable exposed area of 


position was tested by experimental attempts to 
separate the two fractions. 

To normal human serum, a very small amount 
of bromphenol blue was added. In minute con- 
centrations, only the albumin absorbs the dye, per- 
mitting one to visualize the locus of the albumin 
during electrophoresis. A large drop of this dye- 
containing sample was pipetted onto a Munktell 
No. 20 filter paper strip, and the [HSA-human 
serum mixture was placed on a similar paper 
strip. These two different samples were arranged 
alongside each other between the same pair of 
buffer-containing cells, and the starting points 


= 
Fic. 5. Device ror REMovING FLump FROM A FILTER 
Paper Strip (SEE Text) 


O 


radioautograph to right of bromphenol blue pattern. 


were aligned so as to be equi-distant from the 
cells. After six hours, the filter paper strips were 
removed, the starting points realigned, and, using 
the albumin-bromphenol blue migration as a 
guide, the albumin section of the IHSA strip was 


3 


wo 


4 5 7 
INCHES 


Fic. 6. SEcoND ELECTROPHORESIS ON MUNKTELL No. 
20 Fitter Paper oF FLUID OspTAINED FROM ALBUMIN 


SECTION OF A First RuN 


Arrows represent starting point and direction of mi- 
gration. Curve is radioactivity as measured with scan- 


ning device (Figure 1). 
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\ 2 3 9 HOURS 3HOURS g INCHES 


Fic. 7. Evectropnoretic PATTERN ON WHATMAN 
No. 1 Fitter Paper HuMAN SeruM MIXED 
with IHSA 


Compare radioactivity with Figure 4-a. 


cut out. Immediately the section was placed in 
a centrifuge tube containing a mushroom-shaped 
piece of plastic with six holes through the top 
(Figure 5). Centrifuging enabled one to sepa- 
rate about 0.5 ml. of fluid from the filter paper. 
A second electrophoretic run was made on this 
fluid and the strip was measured for radioactivity 
using the scanning device (Figure 1). The re- 
sults of this experiment are indicated in Figure 6. 
In this attempt to separate the albumin from the 
“trailing” fraction the albumin was retained, but 
the trailing fraction was almost eliminated. 

An experiment was made to determine whether 
the degree of trailing was consistent with or de- 
pendent on the type of filter paper used. When 
Whatman No. 1 filter paper was used in three 
hour-reverse current-nine hour electrophoresis, 
no peak could be noted in the three hour-direction 
and the trailing in the nine hour direction was al- 
most absent (Figure 7). 


DISCUSSION 
The increased mobility of IHSA is perhaps due 
to some minute change in the charge or shape of 
the albumin molecule. The trailing, however, re- 
veals another interesting difference between the 
IHSA and the human blood serum. In the ex- 


periment in which the direction of migration was 
changed after three hours and the [HSA-normal 
serum mixture was allowed to move in the op- 
posite direction for another nine hours (Figure 
4), no evidence of novmal human serum proteins, 
when measured by the amount of bromphenol 
blue staining, was demonstrable in the area of 
the first three hour migration. On the other hand, 
the [HSA trailing, when measured by its radio- 
activity, displayed a much different picture. Here 
a definite peak of radioactivity was noticeable in 
the three hour direction, and the trailing in the 
nine hour direction was greatly diminished. 

This experiment ruled out the possibility that 
trailing represents contamination by some radio- 
active globulins which may have been present in 
IHSA from the beginning or which may have oc- 
curred during the mixing with normal human se- 
rum. If some alpha or beta globulins had con- 
tained any radioactivity, it should be measurable 
on corresponding spots of the globulins, but the 
two peaks of radioactivity were not in globulin 
areas. 

Additional evidence that IHSA contains at 
least two fractions was obtained in the experiment 
in which an attempt was made to separate the 
albumin fraction of the [HSA from the trailing 
fraction (Figure 6). The albumin peak was still 
present, but the trailing fraction almost disap- 
peared. 

Another implication of this study concerns the 
interpretation of trailing, viz., a) trailing is an 
undesirable artifact, b) trailing represents an ad- 
ditional separation. In our experiments it was 
shown that IHSA trailing on Munktell No. 20 
filter paper appears to be a distinct and separable 
fraction from the albumin. That this trailing 
was barely evident on Whatman No. 1 filter paper 
does not necessarily mean that this paper is less 
effective in separation. 

An analogous situation might be found in the 
work of Kunkel and Slater (6, 7) who reported 
trailing of beta lipoproteins along the path of mi- 
gration on Whatman 3 MM filter paper, but they 
found no trailing to occur when the filter paper 
was replaced by a starch medium. During some 
experiments on lipoproteins in our laboratory, it 
was noticed that Munktell No. 20 filter paper. 
stained with Sudan Black, also showed trailing. 
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But it is felt that this represents a subdivision of 
the beta lipoproteins into two parts, one being 
the trailing, and the other being, a fraction which 
migrates in the same manner as be:a proteins. 

It may now begin to appear that the choice of 
an electrophoretic medium depends on that which 
one wants to demonstrate. Use of a starch me- 
dium would seem advantageous in many physico- 
chemical studies. But for the detection of a slight 
inhomogeneity of a colloidal material, paper elec- 
trophoresis may provide much useful information. 

The biological meaning of changes in the albu- 
min molecule due to the iodination process may be 
difficult to evaluate from these electrophoretic 
studies. Whether or not these results are signifi- 
cant enough to limit the use of the IHSA studied 
in this paper cannot be definitely determined at 
this time. However, when it is considered that 
experiments in this laboratory indicated a disap- 
pearance of [HSA in the blood stream of rats 
which did not seem to follow the expected rate, 
it may be implied that the THSA fractions have 
different metabolic rates. 


SUMMARY 


Commercial iodinated (I'*') human serum al- 
bumin was studied by means of zone paper elec- 
trophoresis. In four different samples, at least 
two fractions were noticed. One showed a 
slightly higher mobility than noniodinated serum 
albumin; the other fraction appeared in the form 
of trailing. The two fractions could be separated, 
and the trailing consequently eliminated. Hence, 


ALBUMIN 141 


the trailing appears not to be an artifact. The 
usefulness of paper electrophoresis in the detec- 
tion of slight inhomogeneities of colloidal ma- 
terials and the biological significance of the two 
fractions were discussed. 
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INTRODUCTION 


Bloch and Rittenberg (1) first demonstrated 
that acetate could be utilized for cholesterol syn- 
thesis by animals. In these studies and others 
(2-4), cholesterol isolated after the administration 
of isotopically labeled acetate was shown to con- 
tain the administered isotope. However, there 
is no information concerning either the dynamic 
aspects of this process or the rate of disappearance 
of labeled cholesterol after its synthesis from ace- 
tate in man.* 

In order to study cholesterol synthesis in this 
manner, radioactive carbon (C1*)-labeled acetate 
was administered to patients, free and ester cho- 
lesterol were separately isolated from the plasma, 
and the radioactivity of these products was meas- 
ured at frequent intervals over a prolonged pe- 
riod of time. 


EXPERIMENTAL METHODS 
Subjects 


The patients used in this study were hospitalized in 
the James Ewing Hospital Unit of Memorial Center. A 
summary of pertinent clinical facts appears in Table I; all 
had normal plasma cholesterol levels. 


Radioactive materials 


The use of approximately 200 microcuries (uc) of C- 
labeled acetate in patients with limited life expectancy 
was authorized for this study by the Atomic Energy 
Commission. Thirteen and seven-tenths microcuries C™ 
per kilogram of body weight (or 960 uc per 70 kilo hu- 
man) would deliver the tolerance dose of radiation or 
0.3 rep. per week if completely retained and equally 


1This investigation was carried out under contract 
AT (30-1)-910 with the United States Atomic Energy 
Commission and supported in part by a research grant 
(C-440) from the National Cancer Institute, of the Na- 
tional Institutes of Health, Public Health Service. 

? This work was begun during tenure of an Atomic 
Energy Commission Postdoctoral Fellowship in the Medi- 
cal Sciences of the National Research Council. 

3 Preliminary reports of the studies described in this 
paper have appeared (5, 6). 


distributed throughout the body. Therefore, the dose of 
200 uc of C* administered to the patients, even if com- 
pletely retained, would deliver only 20 per cent of tol- 
erance radiation (7). Inasmuch as over 80 per cent of 
administered C™ is rapidly eliminated from the body 
(5, 6), the amount of radiation the patient receives is 
far below tolerance levels. If any concentration of the C™* 
isotope above equal distribution had occurred, larger 
amounts of radiation would be delivered at the points 
of concentration. However, radioautograph studies of 
tissues obtained at post mortem examination from pa- 
tients who had received 200 uc of C™* acetate have thus 
far failed to disclose any areas of concentration of the 
isotope. 
in the manner to be described certainly appears to be a 
permissible procedure. Until more detailed information 


In view of these considerations, the use of C™ 


is available concerning intracellular distribution and long 
term effects of the radioactive isotope, caution should 
be exercised in extending the use of C™ labeled materials 
to human subjects other than those with limited life 
expectancy. 


TABLE I 


Clinical data on patients 


Plasma 
cholesterol © Number 
(mg./100 ml.) of micro- 
 curies 
Diagnosis Total Free given 


Patient Weight 


AC-3 102. Non-func- 243 71 200 
tioning 
adrenal 
cortical 


carcinoma 


Refractory 
aplastic 
anemia 


Lympho- 
sarcoma 


Breast 
carcinoma 


Function- 
ing adrenal 
cortical 
carcinoma 


Bladder 
carcinoma 


| 
| 
AC-4+ M 42 142 107 34 
AC-9A F 57. 118 162 54 212 
AC-9B || 200 
AC-11 F 45 98 216 61 200 
“4 
AC-14 M 59 128 223 56 
142 


TABLE II 


CHOLESTEROL SYNTHESIS IN 


Radioactivity of plasma cholesterol 


MAN 


| 
8 


Estert | Time 


0.25 | 830 0.25) 718 |A 0.13 
0.75 | 463 0.75 | 416 | 0.08} 396 26 0.42 
1.25 | 395 1.25 314 0.33 | 382 81 0.85 
1.75 | 360 1.75 | 258 | 0.88} 300 | 150 1.33 
2.25 | 320 2.25 | 243 1.88 | 221 199 1.85 
2.75 | 300 8.00 | 122 | 156 2.33 
3.25 | 326 3.75 | 200 | 17.00} 81 93 2.85 
315 306 | 4.75] 195 | 27:00) 59 68 4.00 
1.75} 151 6.75 | 154 | 34.00} 49 $1 6.00 
12375 | 110. 9:75) 141 9.00 


458| 480 | 1.67, 694| 607 | 2.23| 172 | 161 


407 | 447 2.33 | 583} 650 159 | 158 
350 | 364 3.25| 549] 611 7 131 
9 111 


w 

an 

~ 

o 

w 

w 


* Elapsed time in days after administration of acetate. 
t DPM X 108/mM cholesterol. 


Sodium acetate (acetate-2-C™%) was obtained from a 
commercial source ¢ and had a specific activity of 1 milli- 
curie per millimole. A solution of 16 mg. of sodium ace- 
tate, equivalent to approximately 200 microcuries of C™, 
dissolved in 100 ml. of tap water, was administered orally 
to each patient. The container was rinsed with an ad- 
ditional 100 ml. of tap water which was also given to the 
patient. For the isolation of free and ester cholesterol, 30 
to 40 ml. samples of blood were collected in either 
heparinized or oxalated tubes. Collections of urine, feces, 
and expired air were made over a period of several weeks 
for the purpose of determining the fate of other sub- 
stances synthesized from the administered acetate (5, 6). 

The quantity of sodium acetate administered to humans 
in this investigation was well within physiological limits 
since Rittenberg and Bloch (8) and others have shown 
that as much as 130 mg. of this compound per 100 Gm. 
weight of mouse or rat can be given with no apparent 
effects. Our dosages of approximately 16 mg. of acetate 
per patient (0.02 mg. per 100 Gm. weight) represent 
0.05 per cent of the amounts used in animal experiments. 


Isolation of cholesterol 


Cholesterol was usually separated from 15 to 20 ml. of 
plasma. A filtrate was made by a modification of the 
procedure described by Sperry and Webb (9). One vol- 
ume of plasma was added to 20 volumes of 1:1 acetone- 
alcohol mixture, and this solution was brought to the 
boiling point in a water bath. Precipitated plasma pro- 
teins were then removed by filtration. Two volumes of a 
0.4 per cent aqueous solution of digitonin were added to 
each three volumes of acetone-alcohol filtrate of the 
plasma, and the solution was allowed to stand for 24 


4 Tracerlab Inc., Boston, Mass. 


hours in 1 liter graduated cylinders while the free cho- 
lesterol digitonide precipitated. The supernatant solu- 
tion was then siphoned off and the precipitate was 
washed twice with acetone-alcohol, once with acetone- 
ether 1:1, and three times with ether, centrifuging after 
each wash. The ester cholesterol and other plasma 
lipids were adsorbed on the initial precipitate of free 
cholesterol digitonide, and they were removed by the 
subsequent washing with organic solvents. The wash- 
ings were saved for the later isolation of ester cholesterol. 
The cholesterol digitonide was dissociated in pyridine, the 
digitonin was precipitated with ether, and the recovered 
cholesterol was redissolved in 1:1 acetone-alcohol and 
was reprecipitated with three volumes of 0.4 per cent 
digitonin solution in 85 per cent ethanol. This second 
free cholesterol digitonide was washed three times with 
hot water, in order to remove excess digitonin, and then 
once with acetone-alcohol, once with acetone-ether, and 
three times with ether. After this last wash, the choles- 
terol digitonide was measured for radioactivity. 

The solution of organic solvents obtained, as de- 
scribed above, by washing the original free digitonide pre- 
cipitate was evaporated to dryness as the first step in iso- 
lating ester cholesterol digitonide. This residue was ex- 
tracted five times with small volumes of boiling petroleum 
ether, (40° to 60° C.), in order to separate the ester 
cholesterol and plasma lipids from free cholesterol digito- 
nide and excess digitonin. The petroleum ether extract 
was evaporated to dryness and the residue was saponified 
for ten minutes in a boiling water bath with 2 ml. of 2 N 
potassium hydroxide in 90 per cent ethanol. This solu- 
tion was acidified with glacial acetic acid using phenolph- 
thalein as an indicator, and 2 ml. of acetone was added in 
order to reconstitute a 1:1 acetone-alcohol solution. 
Twelve ml. of 0.4 per cent alcoholic digitonin was intro- 
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AC-3A AC-4 AC-9 AC-11 AC-13 AC-145 \ 

Time* | Freet | Time | Free | Free | Ester | Time Free | Ester | Time Free | Ester ce sf 

1,540/ 183 | 0.21| 1,605] 280 | 0.26| 254 | 86 
856 | 370 | 0.35 | 1,230) 417 | 0.53} 224 | 110 

660 | 413 | 0.50/ 1,090} 546 | 0.81| 179 | 130 ae 

570| 476 | 0.67} — | 572 | 1.29} 197 | 151 = 

7C 

72 | 86 

14.75 | 96 | 10.75] 143 |B. 11.00 00} 53 67 

18.75 | 88 | 11.75] 120 | 0.10} 654 | 100 | 16.00 00} 55 62 

25.75 | 81 | 17.75}; 95 | 0.31] 446 | 156 | 23.00 00} — 53 

28.75 | 57 | 23.75}; 70 | 0.85| 284 | 179 | 30.00 00} 35 47 

35.75 | 54 | 27.75] 45 | 1.85] 226 | 212 22.00} 115 | 159 
39.75 | 43 | 31.75} 40 | 8.00] 115 | 152 29.00 128 

42.75 | 38 18.00| 55 81 33.00 85 | 116 

| 
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duced in this mixture, and the precipitate of ester cho- 
lesterol digitonide was isolated and washed as desrribed 
above for the second precipitation of free cholesterol 
digitonide. 

The cholesterol digitonide seperated in this manner had 
constant composition and was free of any radioactive con- 
taminant that would alter its specific activity. The free 
cholesterol digitonide had been dissociated and reprecipi- 
tated using alcoholic digitonin solution, in order that the 
ester and free cholesterol digitonides might have the same 
physical properties, since it had been observed that cho- 
lesterol digitonide precipitated from aqueous digitonin 
had somewhat different physical characteristics. This 
procedure for the isolation of free and ester cholesterol 
digitonide as well as the checks for the constancy of the 
digitonide composition and specific activity will be re- 
ported in detail elsewhere. 


Radioactivity measurements 


The measurements of the radioactivity of the carbon-14 
content of the cholesterol digitonide samples were made 
in windowless flow-gas counters (Tracerlab, Inc.). A 
stainless steel planchet with a 1.63 cm.? sample area was 
used. The free and ester cholesterol digitonides were 
plated by transferring the precipitate obtained after the 
last washing onto the planchet in an acetone-alcohol slurry. 
This was air-dried until most of the solvent had evaporated 
and was then dried for one hour in an oven at 60° C. 
This procedure resulted in a uniform distribution of ma- 
terial on the planchets. The planchets were counted for 
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a sufficient period of time to insure a probable counting 
error not greater than 3.5 per cent. The actual counts 
per minute, which were always at least three times 
greater than background, were corrected to infinite thick- 
ness and, by use of suitable calibration factors, were con- 
verted to the unit of “disintegrations per minute per 
millimole’ (DPM per mM) of cholesterol. This unit 
was selected for convenience in comparing these and simi- 
lar results with information to be reported in future 
publications concerning in vivo transformations of the 
steroid nucleus. The instruments and all steps in the ra- 
dioactivity measurements were calibrated against a so- 
dium carbonate-C™ standard obtained from the National 
Bureau of Standards. 


RESULTS 


Six patients have been studied in the manner 
described. Patient AC-9 was the subject of two 
separate studies. In four patients the free and 
ester cholesterol of plasma were isolated, while in 
two other subjects only the free cholesterol was 
obtained. The earliest blood samples taken were 
at about three hours, and thereafter samples were 
withdrawn at appropriate intervals for periods in 
excess of one month. The serial specific activities 
of free and ester cholesterol are listed in Table II. 
The data from a typical case (Patient AC-13) in- 


INCORPORATION OF ACETATE-2-C'* INTO PLASMA CHOLESTEROL 
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Fic. 1. INCORPORATION OF ACETATE-2. 


* INTO PLASMA CHOLESTEROL 


Semi-logarithmic plot showing build-up and decline of radiocarbon activity in 
plasma free and ester cholesterol after oral administration of acetate-2-C*. 
The lines marked t*, t’, and t® represent the exponential rate processes by which 


the free cholesterol activity declines. 
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TABLE III 
Percentage utilization of acetate for cholesterol synthesis and decay rates of plasma cholesteral 


% Dose/m Mole cholesterol* 


Total % doset 
in plasma 


Inter- 


sectiont Decay rates 


Free Ester Inter- 


Inter- a b 


Patient 0.3 day 0.3 day section day section Days th té ts 
0.188 _ 23.0 2.8 0.20 
AC-4 0.163 15.5 1.6 0.30 
AC-9a 0.081 0.017 0.042 0.38 0.42 22 23.0 2.3 0.45 
AC-9b 0.101 0.035 0.050 0.58 0.50 23 
AC-11 0.216 0.068 0.118 1.22 ioe 2.0 24.8 3.4 0.35 
AC-13 0.166 0.056 0.089 1.03 1.09 2.0 23.0 4.0 0.47 
AC-14 0.050 0.017 0.032 0.40 0.37 2.2 


* Per cent administered radioactivity per millimole of plasma cholesterol. 


t Per cent administered radioactivity present as cholesterol in total circulating plasma. | 
t Intersection = time at which free and ester specific activities are equal; i.e., intersection of peak of ester curve 


with the free cholesterol curve (see Discussion). 


dicating the changes in the specific activities of 
free and ester cholesterol with time are shown in 
a semi-logarithmic plot in Figure 1. 

It will be seen in Figure 1, that the maximal 
value of the specific activity of free cholesterol had 
been reached by the time of the initial sample, and 
this was followed by a rapid decline. Blood sam- 
ples were not withdrawn early enough after ad- 
ministering the acetate to follow the rapid increase 
in specific activity preceding the maximal value. 
The curves describing the decline of radioactivity 
of the free cholesterol can be resolved into a series 
of exponential rates, and these are listed in Table 
III. The ester specific activity is at its minimal 
value with the earliest sample of blood, taken at 
three to eight hours. It then rises to a peak, at 
about 2.1 days, at which point it intersects the 
specific activity curve of the free cholesterol. Af- 
ter this point of intersection, the ester cholesterol 
radioactivity declines at a similar rate to that of 
the free cholesterol, and the specific activity of the 
ester cholesterol continues to exceed slightly that 
of the free cholesterol for the duration of the pe- 
riod of observation. 

At 0.3 day after the administration of acetate, 
a point closely approximating the maximum value 
of the specific activity of free cholesterol, from 
0.050 to 0.216 per cent of the administered radio- 
active acetate had been incorporated per millimole 
of plasma free cholesterol. Corresponding values 
for plasma ester cholesterol at this point were 
lower, ranging from 0.017 to 0.068 per cent. At 
the crossover point of free and ester cholesterol 
(about two days) where both fractions possess the 


same specific activity, from 0.032 to 0.118 per 
cent of the administered dose was present per 
millimole of sterol. The data concerning the per- 
centage conversion of acetate to cholesterol are 
summarized in Table ITI. 


DISCUSSION 


The specific activity of free cholesterol is at its 
peak with the earliest sample, since the adminis- 
tered labeled acetate is rapidly dissipated by many 
competitive metabolic processes, such as oxidation 
to carbon dioxide, conversion to fatty acids, etc., 
within one to two hours, Therefore, the maximal 
specific activity is attained within that period 
chiefly because the labeled precursor has disap- 
peared as a result of metabolic degradation. This 
is borne out by the fact that the exhaled CO, 
reached a maximum specific activity two hours 
after administration of radioactive carbon-labeled 
acetate (6). Available data indicate that acetate 
is converted to an “active form,” which is prob- 
ably acetyl co-enzyme A, before it can enter any 
metabolic pathway (10). There is no unequivocal 
evidence concerning the subsequent steps in the 
transformation of acetate to cholesterol but four- 
and five-carbon condensation products derived 
from acetate (11, 12), as well as the triterpenoid 
compound squalene (13), have been implicated 
in this process. No detectable conversion of ace- 
tate to cholesterol occurs in plasma or whole blood 
(14). 

Tissue slice studies have indicated that many 
organs are capable of transforming acetate into 
cholesterol (15). In intact animals, the liver (16) 
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is apparently the principal source of plasma cho- 
lesterol. The newly synthesized labeled sterol 
mixes with the pre-existing pool of unlabeled cho- 
lesterol present at site of synthesis in the liver, and 
this mixed sterol exchanges with plasma cho- 
lesterol, which in dogs (3) and in the human (17) 
is in rapid equilibrium with hepatic cholesterol. 
From the plasma the labeled cholesterol is dis- 
tributed throughout the body. 


Relation between free and ester cholesterol 


The specific activity curves in Figure 1 show 
that the formation of labeled free cholesterol pre- 
cedes that of the esterified form, and this finding 
can be interpreted as suggesting that ester cho- 
lesterol is synthesized from the labeled free sterol. 
The specific activity of ester cholesterol lags behind 
that of the free cholesterol by an interval related 
to the time required for the processes of esteri- 
fication and equilibrium with the plasma. In Fig- 
ure 1, the peak of the specific activity curve of 
ester cholesterol (product) intersects the specific 
activity curve of free cholesterol (precursor). 
This type of intersection of the two curves is char- 
acteristic of substances exhibiting a precursor- 
product relationship. A mathematical formula- 
tion of this relationship has been described (18). 

Although the radioactivity of free and ester 
cholesterol declines at the same rate shortly after 
their intersection, the specific activities of these 
two forms of the sterol never again coincide. The 
finding that the specific activity of ester cholesterol 
is consistently higher than that of free cholesterol 
after the cross-over point may be interpreted as 
suggesting that there is no equilibrium between 
the two fractions; in other words, ester cholesterol 
once formed from the free sterol might not be 
reversibly hydrolyzed back to the free form. 

However, since the parallel decline of the 
specific activities of free and ester cholesterol is 
compatible with the characteristics of a reversible 
esterification-hydrolysis relationship with a time 
lag between the two phases, another mechanism 
can be considered which would not exclude this 
reversible esterification-hydrolysis relationship be- 
tween free and ester cholesterol. Figure 1 shows 
that it requires 2.0 days for the specific activity of 
ester cholesterol to come into equilibrium with that 
of the free cholesterol. This lag period is a func- 
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tion of the time required for the esterification of 
newly formed free cholesterol. Synthesis of cho- 
lesterol from unlabeled sources occurs continu- 
ously after dissipation ot the labeled precursor, 
and this endogenously synthesized unlabeled sterol, 
as well as non-labeled cholesterol derived from the 
diet, first appears in the plasma in the free form, 
as demonstrated in this experiment for labeled 
cholesterol. Since unlabeled cholesterol first ap- 
pearing in the free fraction continually dilutes the 
radioactivity of that fraction, the specific activity 
of free cholesterol could, at any time, be lower 
than that of ester cholesterol by virtue of the lag 
period required for esterification. This would oc- 
cur in spite of the possible existence of a reversible 
hydrolysis-esterification relationship which could 
tend to produce identical specific activities in free 
and ester fractions. Therefore, reversible hydroly- 
sis-esterification reactions would never cause the 
specific activities of free and ester cholesterol to 
approach identical values if they proceeded at 
slower rates than the dilution of free cholesterol by 
cholesterogenesis and intake from the diet. 

From the present data, it is not possible to state 
whether the difference in specific activities of free 
and ester cholesterol implies the presence or ab- 
sence of reversible equilibrium between the two 
fractions. If the reversible esterification-hydroly- 
sis mechanism does exist, it is unlikely that this 
process occurs in the plasma, since human plasma 
esterase activity is known to be low (19, 20); 
should free and ester cholesterol proceed along in- 
dependent metabolic routes, the parallelism of the 
specific activity curves as observed in this experi- 
ment can only be regarded as coincidental. 


Turnover of plasma cholesterol 


Turnover times® of 22 to 36 days have been 
determined for carcass cholesterol in mice (21) 
by the use of deuterium. Using the method of cho- 
lesterol synthesis from acetate, turnover times 
of 9 and 12 days for liver cholesterol have been re- 
ported for rats (22) and dogs (3), respectively. 
London and Rittenberg (23) have studied the in- 
corporation of deuterium from heavy water into 
cholesterol in man, and by this method have calcu- 
lated a turnover time of approximately 12 days for 
human plasma cholesterol. The rate data obtained 


5 Turnover time (T) = Half-life (ty) X 1.45. 
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in our laboratory essentially represent the decline 
of radioactivity in cholesterol that received its label 
only during the first few hours after the adminis- 
tration of the acetate-C’*, Ir the experiments in 
which cholesterol was synthesized from heavy wa- 
ter (23), the rate data typify the build-up or in- 
corporation of the deuterium isotope throughout 
the entire period of observation. Inasmuch as 
these experimental methods differ in their approach 
as well as in type of precursors, a direct, simul- 
taneous comparison of the two methods is neces- 
sary before comparison can be made of half-life ° 
values obtained by each type of study. 

In order to determine the half-life or turnover 
time of a substance, it must be shown that the 
material disappears by a single exponential rate 
process. There are no published experiments in 
which samples have been obtained over a suff- 
ciently long period of time and at frequent enough 
intervals to make possible a detailed description of 
the decline in radioactivity. In most studies with 
small animals, because of technical difficulties, the 
frequency of sampling and length of observation 
are necessarily limited. Figure 1 and Table III 
indicate that the specific activity curves describing 
the disappearance of the radioactive cholesterol 
synthesized from acetate decline by a series of 
exponential processes rather than by one exponen- 
tial rate which might be called the half-life of 
plasma cholesterol.6 There are many processes, 
each with a specific rate, involved in the appear- 
ance and disappearance of labeled sterol from the 
plasma. These processes involve mechanical as 
well as biochemical transformations and include 
the equilibrium of labeled cholesterol at the site of 
synthesis with that of the plasma, the distribution 
of the labeled cholesterol from the plasma to the 
tissues, the return of labeled cholesterol from the 
tissues to the plasma, and finally the irreversible 
loss of labeled cholesterol either by conversion 
to other products or by excretion from the body. 
The continual addition of non-labeled cholesterol, 
synthesized in the body and obtained through the 
diet, serves to dilute and thereby lower the spe- 
cific activity of the labeled cholesterol. The rates 
of all these processes as well as others unmen- 


6 The graphical determination of the component rate 
processes is recognized to be an approximate procedure; 
however, it is sufficiently reproducible to provide data 
which are useful in the interpretation of the curves. 
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tioned, are reflected in the specific activity curve 
of plasma cholesterol. Until additional information 
is available concerning the magnitude of the con- 
tribution of each of these processes to the com- 
posite series of rates observed in the specific ac- 
tivity curve, no definitive statement can be made 
about the turnover time or half-life of serum cho- 
lesterol studied in this manner. It might be as- 
sumed that the rapid rate of t} = 0.20 to 0.47 days 
represents the conversion of acetate to cholesterol 
while the intermediate rate of tp = 1.6 to 4.0 days 
accounts for the mixing and distribution of the 
newly synthesized labeled cholesterol and includes 
such processes as esterification and distribution of 
the labeled sterol from the plasma to the tissue. 
The dominant slow rate of t} = 15 to 25 days 
might then describe the turnover of cholesterol af- 
ter the initial rapid processes have been completed. 

However, these assumptions as to the signifi- 
cance of exponential rates, derived from experi- 
ments such as this, require confirmation by other 
methods. In the curves obtained, the rate of de- 
cay or disappearance of cholesterol continually de- 
creases with time. Therefore, in attempting to 
calculate the component rates in any such curve, it 
is necessary that the curves be of the same dura- 
tion in order that these rates may be compared. 
If this precaution is disregarded, experiments car- 
ried out for prolonged periods of time will have 
final components of apparently longer half-life, 
as compared to short-term experiments where the 
final components will appear shorter. In the de- 
termination of the component rates in these stud- 
ies, calculations were made from curves that ex- 
tended approximately 30 days. Patients AC-9B 
and AC-14 were studied for 18 days and 22 days, 
respectively, (Table II); these times were not 
considered sufficient for a reasonable experimental 
determination of the long component (t}) which 
could be compared with the other studies. The 
turnover of the tissue pools of cholesterol in the 
human is under investigation at present since it is 
likely that a portion of the cholesterol present in 
plasma represents sterol derived from these pools 
at rates different from the balance of the plasma 
cholesterol synthesized in the liver. 

Even if it were possible to establish that one of 
the exponential components was related to the 
turnover of cholesterol, it should be emphasized 
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that the cumulative effect of changes as small as 
five to ten per cent in that exponential rate, 
maintained for sufficiently long periods, would be 
adequate to account for elevated or reduced levels 
of plasma cho.esterol or total body cholesterol. 
Detection of changes of this order of magnitude 
with the present method of study will continue to 
be difficult until more information is available 
about the over-all experimental error inherent in 
the procedure. 

It can be seen from Table III that for the typical 
patient, AC-13, 0.166 per cent of the radioactivity 
originally administered was present in a millimole 
(386 mg.) of free cholesterol in the plasma after 
0.3 days. The corresponding figure for the ester 
cholesterol at this time was 0.056 per cent. The 
per cent of the administered dose present as cho- 
lesterol in the total circulating plasma at 0.3 day 
may then be calculated to be 1.03 per cent from the 
plasma free and ester cholesterol levels, weight of 
the subject (Table I) and the accepted value of 
45 ml. of plasma per kilogram of body weight. 
At the point of intersection of the free and ester 
cholesterol curves (2.0 days), 0.089 per cent of 
the administered radioactivity was circulating per 
millimole of plasma cholesterol, and thus in the 
total circulating plasma 1.09 per cent of the C’* of 
acetate was present in plasma cholesterol. The 
values for the percentage of administered radioac- 
tivity present in total circulating plasma at 0.3 days 
and at 2.0 days, 1.03 and 1.09, respectively, are in 
good agreement. The data for the other patients 
in Table III reveal the same close correlation be- 
tween corresponding values as well as a constant 
time at which free and ester cholesterol possess the 
same specific activities. 

Thus at the time when the specific activities of 
both free and ester cholesterol of plasma are iden- 
tical (intersection), the per cent of administered 
radioactivity present as plasma cholesterol has not 
appreciably changed from that measured 0.3 day 
after administration of labeled acetate. This 
strongly implies that the incorporation of a single 
dose of acetate into cholesterol is complete after 
0.3 day and that the radioactivity that subse- 
quently appears in the ester fraction is derived from 
the free sterol. This observation is additional evi- 
dence for the role of plasma free cholesterol as the 
precursor of the ester cholesterol fraction. 
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Since it is known from other data that liver and 
red cell cholesterol are in isotopic equilibrium 
with plasma cholesterol (5, 6), a calculation can 
be made of tae amount of activity incorporated as 
cholesterol in these organs. There are approxi- 
mately 3 Gm. of free cholesterol present in red 
cells, 3.8 Gm. of free cholesterol, and 0.7 Gm. of 
ester cholesterol contained in liver. Using these 
quantities, approximately three per cent of the ac- 
tivity administered as acetate has been incorporated 
as cholesterol in plasma, red cells, and liver. This 
figure represents a minimum value for cholesterol 
synthesis since there are undoubtedly pools other 
than those mentioned. 

As noted in Table III, 0.050 to 0.216 per cent 
of the administered acetate had been incorporated 
per millimole of circulating cholesterol after 0.3 
day. Taking into account the differences in dose, 
the amount of C™ incorporated varies as much as 
fourfold from patient to patient. This may be ex- 
plained by the fact that cholesterol produced in the 
body from acetate represents a very small per- 
centage of the two carbon precursor; the major 
portion of the acetate is metabolized, excreted, or 
utilized in the biosynthesis of other body constitu- 
ents. Therefore, the amount of radioactive acetate 
incorporated into cholesterol depends on the quan- 
tity of the administered dose that escapes utilization 
by metabolic processes other than cholesterogene- 
sis. Since these transformations consume by far 
the overwhelming majority of the administered 
acetate, cholesterol synthesis may vary widely, de- 
pending on the amount of radioactive acetate 
metabolized by all the other processes. 

Finally, it should be emphasized that none of the 
subjects in this study were in normal health and 
that they represented a wide variety of disease 
processes other than disturbances in cholesterol 
metabolism. It is not known whether the data re- 
ported would necessarily apply to normal subjects. 
However, in spite of their disease conditions, the 
data concerning the behavior of cholesterol are 
constant for all the patients. This suggests that 
cholesterol metabolism was not disturbed by the 
particular disease present in any patient, and that 
the pattern observed in these patients for cho- 
lesterol synthesis from acetate might well apply to 
other diseased, as well as normal, subjects. 
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CONCLUSIONS 


1. Plasma cholesterol synthesized from radio- 
active carbon-labeled acetate has been studied in 
six patients with malignant disease. 

2. A method for the isolation of plasma free 
and ester cholesterol has been described. 

3. A minimum of 3 per cent of the administered 
acetate was incorporated into the body cholesterol. 

4. Plasma free cholesterol is at its highest spe- 
cific activity within eight hours after administra- 
tion of the tracer dose, and then declines. The 
plasma ester cholesterol radioactivity rises from a 
minimal value to a peak in two days and then de- 
clines at a rate similar to that of free cholesterol. 
After the peak, the specific activity of ester cho- 
lesterol exceeds that of free cholesterol. 

5. Because many distribution and metabolic 
reactions of cholesterol are reflected in the disap- 
pearance curve derived from the specific activity 
values, no statement can be made about the turn- 
over of plasma cholesterol from data derived from 
this type of study until additional information is 
available. 
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III. ERYTHROPOIESIS 


AND HEMOGLOBIN METABOLISM STUDIED WITH N*- 


reached suggesting that the deficiency in total cir- 
culating hemoglobin was produced by at least two 
mechanisms: In the first few days after a burn, a 
hemolytic process; then, later, inadequate hemo- 
globin synthesis. To explore further the dyshe- 
matopoiesis, experimental studies have been per- 
formed in burned dogs and in a burned man. The 
principal index of red cell and hemoglobin forma- 
tion was the rate and extent of uptake of heavy 
nitrogen (N'*) from isotopically-labelled glycine 
into the heme fraction of hemoglobin. This tech- 
nique also makes it possible to estimate the life 
span of the erythrocytes formed during the par- 
ticular phase of injury under study (2). Nu- 
merous additional physiological. and biochemical 
studies were performed concomitantly to aid in 
the interpretation of the N’° data. These included 
complete hemograms, marrow surveys on the dogs, 
measurements of blood volume, nitrogen balance, 
serum iron, copper and bilirubin, erythrocyte pro- 
toporphyrin, urinary coproporphyrin, and urinary 
and fecal urobilinogen. 


METHODS AND MATERIALS 


Mongrel male dogs, two to four years of age, were kept 
in metabolic cages on a fixed diet designed to give a daily 
intake of 14 Gm. of nitrogen and sufficient calories to 
maintain body weight under control conditions. Hemo- 


1 This study was conducted under Contract Number DA 
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In earlier investigations regarding the anemia of 
thermal injury (1) tentative conclusions were 


globin was measured by the alkaline hematin method in 
sodium carbonate on the Coleman Junior Spectrophotom- 
eter standardized for hemoglobin by the oxygen capacity 
method. Reticulocytes were counted on a wet prepara- 
tion after staining with brilliant cresyl blue (Coleman and 
Bell Co.). Hematocrits and cell counts were determined 
by standard procedures as given by Wintrobe (3). Blood 
volume was measured with T-1824 dye (4). 

Feces, collected in four-day periods, were homogenized 
and made to a constant volume from which aliquots were 
analyzed for nitrogen (5) and urobilinogen (6). Urine 
collections were analyzed daily for nitrogen, urobilinogen, 
and coproporphyrin (7). Serum iron (8), copper (9), 
bilirubin (10), and erythrocyte protoporphyrin (11) were 
determined at intervals of about ten days. 

When nitrogen equilibrium was attained, the experi- 
mental animals were given a standard contact-burn of 20 
per cent body surface area (12). Approximately ten 
days after burning, at the height of the catabolic response 
and when anemia was developing, they were fed 10 Gm. of 
glycine containing 33.8 atom per cent excess N” in 2.0 
Gm. amounts every two hours for five doses. In the pe- 
riods immediately after glycine feeding, urine collections 
were fractionated at eight-hour intervals for study of N” 
excretion in urinary nitrogen. Hemin was isolated as de- 
scribed by Shemin and Rittenberg (13) and recrystallized 
according to Fischer (14), then analyzed in duplicate for 
N* content in the mass spectrometer. Stercobilin was 
isolated by a method modified slightly from that de- 
scribed by Watson (15), recrystallized from chloroform 
and dried over P,Os. Purity was checked by optical ro- 
tation on each sample sent for isotope analysis. Quantity 
was usually sufficient for analysis in duplicate. All sam- 
ples for N* analysis were routinely compared with tank 
nitrogen as a reference standard, and the N* atom per 
cent excess over tank nitrogen determined. A_ table 
for calculation of N* concentration was computed and 
has been found very useful in this work (16). The Nier- 
type isotope-ratio mass spectrometer used in these and 
subsequent experiments was built and maintained by Dr. 
William T. Ham, Jr., Mr. Ray Williams, and Mr. Fred 
Schmidt. 


Dog 29 served as his own controi. The experimental 


® Dog 17 was given glycine containing 31.6 atom per 
cent excess N™. 
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burn was produced, and studies were done. When he 
had apparently achieved full recovery, the glycine feed- 
ing was repeated. The reverse procedure was pianned 
for the second control, dog 31, but he died unexpectedly 
before the burn was given. 


RESULTS AND DISCUSSION 


Animal experiments 


The uptake of N*® into the pigment fraction of 
the hemoglobin molecule, as measured by the atom 
per cent excess in the isolated hemin, needs both a 
quantitative and kinetic interpretation. Since 
tagged heme is always diluted by pre-existing un- 
tagged hemoglobin, the total quantity of the latter 
will in part determine, by dilution alone, the con- 
centration of the isotope in the isolated hemin. 
(The terms hemoglobin, heme, and hemin may be 
used interchangeably in this discussion so far as 
N*® uptake is concerned.) Table I presents data 
comparing the total quantity of N** incorporated 
into the heme of the experimental animals. The 
uptake is expressed both in milligrams of N** and 
as a percentage of the total N** administered. The 
data clearly show that although the difference in 
atom per cent excess N'® between control dogs 31 
and 29 was greater than 100 per cent, due to the 
difference in amount of circulating hemoglobin, the 
total N*® uptakes expressed in milligrams (1.89 
and 1.49) and as per cent of administered N*® 
(0.28 and 0.22 per cent) are not very different. 
Calculated in the same manner, the quantities in- 
corporated in the burned dogs 29, 16, and 17 were 
one-sixth to less than one-twentieth of those in the 
normal animals. Because of the somewhat lower 


TABLE I 


Comparison of N'® uptake in the control and the burned animals 
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bedy weight of dogs 16 and 17 (Table I), the 
amount of N* received per kilogram of body 
weight was actually slightly more in these animals 
(Table III). 

A decrease in total circulating hemoglobin 
(T.C.H.) is usually one important stimulator of 
increased erythropoiesis. In all three burned ani- 
mals, T.C.H. was diminishing at the time of gly- 
cine feeding as can be seen best by reference to 
Figures 1 and 2. On the day of glycine feeding 
when maximum N?°-glycine concentrations were 
present for heme formation, reductions in T.C.H. 
of 16 to 40 per cent had occurred (Table II). 
Hemin N* data suggest that hemoglobin forma- 
tion at the tenth day post-burn was significantly 
depressed even in the presence of a falling total 
circulating hemoglobin, a known stimulus to 
erythropoiesis. In the next 20 days reduction in 
T.C.H. became as much as 27 to 51 per cent, and 
reticulocytosis became evident, but at this time 
healing of the burned areas was well under way. 
Obviously the results which are obtained will de- 
pend on what time after the thermal trauma the 
glycine is fed. The ten day period was chosen 
because studies (12) have demonstrated maximum 
anemia at that time. The hemolytic phase of burn 
anemia was considered to be over at this time since 
the animals did not show hyperbilirubinemia. 

The rates of uptake of N** into heme in the con- 
trol animals were quite similar, as seen in the com- 
posite graph Figure 3. But, in the burned dogs, 
when compared with the controls, distinct differ- 
ences in uptake rates are at once evident. The 
data on dog 29 (Figure 1) are particularly strik- 


Average total 
circulating heme 
over period of 


N'5 in heme at 25 days post-burn; 
15 days after glycine feeding 


glycine uptake atom Per cent of 
Dog Wt. per cent administered 
No. Condition Kg. me. excess* meg. N15 
Control (247)t 


* These values have been corrected for the natural abundance of N!5 in normal hemin which we found to be 0.004 
to 0.005 atom per cent higher than tank nitrogen. This increased abundance of N}§ is of the same magnitude found in 
other compounds of biological origin, e.g., urinary urea, ammonia, and uric acid (35). 

+ Figures in parentheses are the average total circulating hemoglobin (Gm.) over period of glycine uptake calculated 
from 2 or 3 T.C.H. determinations 10 to 31 days after burn (1.0 Gm. hemoglobin equivalent to 36.3 mg. heme), 


29 Burn 20.0 10,055 (277) 0.024 0.24 0.03 
16 Burn 16.3 7,042 (194) 0.012 0.08 0.01 A 
17 Burn 16.3 6,098 (168) 0.041 0.24 0.04 
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ing since this animal served as his own control. 
In the normal state almost maximal uptake of gly- 
cine had been obtained 10 days after the feeding. 
After the same length of time, but when fed 10 
days after a 20 per cent contact burn, only a slight 
incorporation of glycine had occurred. An in- 
creased rate of tagging appeared coincident with a 
beginning reticulocytosis after the 20th day post- 
burn. From this time on a steady gain in T.C.H. 


was evident, indicating the inhibition accompany- 
ing injury was no longer depressing erythropoiesis. 
Dogs 16 and 17 (Figure 3) which succumbed af- 
ter 49 and 35 days, respectively, again demon- 
strate an overall diminished rate of synthesis as 
compared to the controls. In dog 16 (Figure 2) 
there was a slight incorporation of N** into heme 
from the 10th to the 25th day post-burn after which, 
preceded by a slight reticulocytosis of 2 per cent, 


TABLE II 


Change in total circulating hemoglobin at the day of glycine feeding and during the time of maximum N'5 
incorporation into newly formed hemoglobin 


T.C.H. at 


day of 

Control 

od: eeding 
Gm. 


Condition 


T.C.H. (ave.) 


Per cent 10-31 days 


Control 
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TABLE III 
Total urinary and fecal N'* excretion in the first 96 nours after feeding 
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Total N's 
administered 


Condition 


Urine 


Total N's 
excreted 
at 10 days 


N'5 excreted Per cent excreted 


Feces Urine 


Control 


a more marked rise in N**-hemin level became evi- 
dent. Dog 17 (Figure 2) showed an early sharp 
increase in the first four days after glycine feeding. 
A reticulocyte count of 0.8 per cent on the day of 
feeding was higher than the counts of 0.4 per cent 
and 0.0 per cent observed in the other burned ani- 
mals, but unless it went higher in the next two days 
(no counts were done) this early increase in N*® 
level in this case is without explanation. Another 
distinct, and perhaps significant, difference be- 
tween dog 17 and dogs 29 and 16 was the absence 
of a pronounced leucocytosis at the time of gly- 
cine feeding. From the 14th to the 30th day up- 


00G 16 (1952) 


ATOM % 
EXCESS 


take was at a rate comparable to the other burned 
animals, despite a greater degree of reticulocytosis 
from the 25th to the 35th day. Terminally, the 
hemoglobin concentration in this animal fell to 
very low levels. Autopsy disclosed numerous 
bleeding areas in the gastrointestinal mucosa. The 
late reticulocytosis thus may have been stimulated 
by hemorrhage. 

The labelling which accompanies reticulocytosis 
at a time when a major portion of the N*®* has been 
excreted is of particular interest. The heavy ni- 
trogen for labelling would have to come from an 
endogenous “dynamic” source, since 10 to 15 days 
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PORATION INTO HEME FROM N™-GLYCINE IN BURNED AND NorMAt Docs 


after the oral administration of the N**-glycine the 
major portion of the isotope has been excreted. 
This source is no doubt glycine, but it is glycine 
that has been incorporated into the tissue and 
plasma proteins. It is consistent with the thesis 
of Whipple (17) that the dog will utilize his own 
tissue to form hemoglobin. A similar utilization 
of body nitrogen is found during the reticulocytosis 
stimulated by vitamin B,, in pernicious anemia 
patients (18), and a much greater than normal 
incorporation of N** from N’**-glycine into heme 
has been noted at the time of therapeutically-in- 
duced reticulocytosis in this disease (19). 

In the burned animal the early failure of uptake 
in hemin might have been due to (a) depressed up- 
take in marrow (failure of utilization), (b) failure 
of absorption, or (c) excessive elimination of heavy 
nitrogen in the urine and stools. In the first four 
days after feeding, all the burned dogs showed 
slightly greater fecal excretion of N** than the 
control animals, but there was no indication of 
failure of absorption (Table III). In the same 


table data pertinent to urinary N** excretion are 
given. During the first four days, control dog 31 
lost 52.7 per cent of the administered N*5, burned 
dog 29 lost 40.7 per cent, and dogs 16 and 17 lost 
63.1 per cent and 78.6 per cent, respectively. At 
the end of 10 days even more N* had been ex- 
creted. Dogs 16 and 17 lost 74 per cent and 90 
per cent respectively, while burned dog 29 had lost 
only 45.8 per cent and the control dog 31 had lost 
a total of 61.3 per cent in the urine. Thus two 
burned animals showed moderately increased uri- 
nary excretion while one was less than the control. 
These collective data are interpreted to indicate 
almost complete absorption of the orally adminis- 
tered glycine, and on a comparative basis suggest 
that failure of utilization rather than increased 
excretion was the significant factor in the de- 
creased incorporation into heme. Studies pre- 
sented (20) using radioactive iron indicated a de- 
pressed marrow activity in severe burns. The 
greater increased urinary excretion in dogs 16 and 
17 is part of the increased catabolism present con- 
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tinuously from the time of the burn until death. 
Both of these animals had lost over 50 per cent of 
their body weight at the time of death. 

The life span of the red blood cell in the two 
control animals has been estimated from the hemin 
curves by measuring the time in days from the 
mid-point in the uptake curve to the mid-point of 
the disappearance curve (2). Dog 31 had an 
average erythrocyte life span of about 100 days, 
and control dog 29, 104 days (Figure 3). The 
average life span of erythrocytes in the normal 
dog by the N**-hemin technique has not been re- 
ported previously. The life span of the dog’s 
erythrocytes using 1-C**-glycine which labels glo- 
bin, has been estimated to be 75 + five days and 
95 + five days using two phlebotomized dogs 
(21). Hemoglobin was labelled in the globin 


fraction with lysine containing C’* in the epsilon 
carbon, and the erythrocyte life span estimated in 
this manner was 115 days, using a dog made 
anemic and hypoproteinemic by phlebotomy and 
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low protein diet (22). Because of the death of 
dogs 16 and 17, and the low tag obtained in dog 
29, it was not possible to estimate with certainty 
what the life span of red cells formed during in- 
jury might be. 

The results of determinations of serum iron, 
copper, and free erythrocyte protoporphyrin are 
found in Table IV. In one of the burned dogs 
(dog 29) the serum iron was slightly depressed 
after the thermal injury and remained low for 
nearly 100 days, even after the total circulating 
hemoglobin had risen to normal. In this animal 
serum copper did not become elevated. In inflam- 
mation, hypercupremia was not observed in dogs 
(23), but it does occur in both man (24) and the 
rat (25). In the two other burned animals the 
serum iron did not fall to the expected low levels, 
nor was there any rise in serum bilirubin to ex- 
plain the normal serum iron levels. The values 
for serum copper were erratic and no conclusions 
could be drawn. In none of the animals, either 


TABLE IV 


Serum iron (Fe), serum copper (Cu), and free erythrocyte protoporphyrin (EP) in control and burned dogs 


Controls 


Burns 


Dog 16 


Cu 
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control or burned, did we observe any rise in the 
free erythrocyte protoporphyrin. 

The failure of the serum iron to fall markedly 
in the burned dogs was somewhat unexpected. 
A very marked and sudden diminution was found 
(26) following the production of staphylococcic 
or turpentine abscess in dogs, but a depressed se- 
rum iron after injection of staphylococcus toxin 
was not found, nor was production of an anemia. 
Anemia developed in our animals, but the se- 
rum iron did not drop. This was in striking con- 
trast to similar studies to be described later in the 
burned man where there were significant changes 
in serum iron, copper, and free erythrocyte pro- 
toporphyrin (vide infra). 

Figure 4 (dog 29) shows the same changes in 
fecal urobilinogen excretion and urinary copro- 
porphyrin excretion which have been described in 
man following burns (1). From the time of the 
injury to the 10th day there was an increased fecal 
urobilinogen output. At the same time changes 
in urinary urobilinogen excretion were not evi- 
dent, but there was a very marked increase in the 
urinary coproporphyrin excretion. The copro- 
porphyrinuria began to increase on the 5th day 


after the burn and reached its maximum on the 
12th day, two days after the glycine had been ad- 
ministered. No changes were observed in the 
control animal, dog 31. For reasons beyond our 
control the urinary and fecal urobilinogen and uri- 
nary coproporphyrin excretions could not be de- 
termined in the other two burned animals. 

Increase in fecal urobilinogen has been attributed 
to the increased destruction of heme containing 
proteins incident to the burn. The method of de- 
termination measures both open chain tetrapyrroles 
(urobilinogens) from hemoglobin destruction as 
well as from other sources, It appears from Fig- 
ure 4 (dog 29) that the glycine was administered 
at a time when pigment destruction was greatest. 
With the usual lag in the passage of intestinal con- 
tents, it is our belief that the glycine was given at 
a time when the major effect of hemolytic mecha- 
nisms to produce anemia had passed. 

We have no certain explanation for the rise in 
the urinary coproporphyrin. Isomer analysis for 
Type I and Type III was not done. Increased 
urinary coproporphyrin excretion may in some 
manner be related to depression of erythropoiesis 
(24) or to liver damage (27, 28). 
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Human study 


The clinical study was performed on a 34 year 
old Negro male who was burned when gasoline on 
his clothing became ignited. He suffered an ap- 
proximate 20 per cent total burn involving right 
arm, chest, abdomen, and left hand, of which 
about 16 per cent was third degree. The past 
history was negative for any serious illness or 
operations, and he had been in good health at the 
time of the injury. Shortly after admission he was 
given tetanus antitoxin, penicillin, and in the first 
24 hours 1,500 ml. of 6 per cent dextran (Macro- 
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dex). Closed dressing was applied. Ten days 
after admission he was partially debrided and re- 
dressed. The amount of third degree burn re- 
maining was estimated to be about 15 to 16 per 
cent. The next day (eleven days after injury) oral 
feeding of N*-glycine (31.6 atom per cent ex- 
cess) was begun. He was fed a total of 24 Gm. in 
2.0 Gm. rations with about 100 ml. water every 
four hours for twelve doses. The feeding was well 
tolerated and carried out without mishap.  Fif- 
teen days after the burn he complained of epigastric 
pain penetrating straight through to his back which 
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lasted almost twelve hours, and although it was 
suspected he might have had some duodenal ul- 
ceration (Curling’s ulcer), this was not proven. 
This difficulty did not cause any further discom- 
fort. At no time during the treatment of the burn 
was he given transfusions, and he was skin grafted 
without mishap. During his hospitalization he 
was fed a liquid diet of the following composition : 
Protein 112 Gm. (1.5 Gm. per Kg.) ; carbohydrate 
493 Gm.; fat 113 Gm. The caloric intake was 
3435 calories per day. The use of similar diets in 
nutritional and metabolic studies has been de- 
scribed elsewhere (18). 

Figure 5 shows, in the same manner as used 
with the animals, the changes observed in the up- 
take of heavy nitrogen into heme of hemoglobin 
in the burned man. Maximum uptake had oc- 
curred 30 days after the administration of the gly- 
cine, which was about 40 days after he had re- 
ceived the injury. Throughout the entire period 
of uptake the total circulating hemoglobin was de- 
creasing, although the T.C.H. at the time of gly- 
cine feeding was not diminished. 

In a normal man, studied twice in our labora- 
tory, the maximum uptake occurred on the 15th 
and 20th days, respectively (29). During the feed- 
ing period the protein content of the diet had been 
reduced to less than 20 Gm. per day. These two 
men are not absolutely comparable, but, with the 
same amount of glycine, the normal man had in- 
corporated at the 15th day almost three times as 
much heavy nitrogen in heme as had the burned 
man for the same interval of time. Maximum up- 
take into heme of the burned patient was 2.4 mg. 


TABLE V 
Total circulating heme N* in the burned man 
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* See footnote Table I. 
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N** (0.16 per cent of administered N*°), while in 
the normal man it was 6.1 mg. N* (0.42 per cent 
of administered N**). The normal man’s weight 
was 71.4 Kg. and that of the burned patient was 
69.0 Kg. 

The rate of uptake in the burned man does not 
seem to be greatly different from that which we 
have observed in the normal man with either 
normal or stimulated erythropoiesis. Blood letting 
of 20 to 30 ml. every 10 days was a constant stimu- 
lus to erythropoiesis. When a reticulocytosis of 
7 per cent did appear between the 36th and 45th 
day, we did not observe any change in the N** 
content of the hemin as was seen in the experi- 
mental animals. The best explanation for this is 
that any tag remaining in the body was now so 
diluted that it could not affect the tag already ob- 
served in the hemin. 

After the 45th day there was a steady decline 
in the hemin tag which we attributed to slow dilu- 
tion of the tagged cells with increasing quantities 
of untagged heme, or tag insufficient (vide supra) 
to affect it, during the period of regeneration of the 
total mass of circulating hemoglobin. The total 
circulating heme N* calculated from the hemin 
N* concentration and the T.C.H. showed little 
change from the 20th to the 73rd day as seen in 
Table V. This would appear to exclude excessive 
destruction of red cells up until the 73rd day as 
the cause for the decline in the hemin N*™ curve. 

Observe that the N**-hemin disappearance curve 
seems to be almost a straight line from the 30th 
to the 125th day, when it changes its slope to 
the 142nd day, and then resumes a fairly co~- 
stant slope to the 178th day. Because of these 
very slight changes in the tagged hemin disappear- 
ance curve it is difficult to select either by observa- 
tion or by graphical methods the point of maxi- 
mum breakdown of the tagged erythrocytes. The 
time of maximum decrease appears to be between 
the 125th and 142nd day, the mid-point of which 
would be the 133rd day. From analysis of the 
uptake curve the appearance of red cells with the 
maximum tag was about the 7th day, but tagging 
was taking place up to the 30th day. Therefore, 
from the hemin data the average life span of the 
tagged erythrocytes should be about 126 (133-7) 
days. It is interesting that these cells live a nor- 
mal life span, and this observation in itself sup- 
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ports the proposition that the anemia is due to de- 
pressed erythropoiesis rather than to a shortened 
life span of the tagged cells. If the life span of 
the cells were unchanged, and the cells were pro- 
duced while a non-hemolytic anemia was develop- 
ing, then the anemia could only have been due to a 
diminished number of cells being formed. Similar 
reasoning was used by Berlin, Van Dyke, and 
Lotz in their study of the life span of the red blood 
cells in the hypophysectomized rat (30). 

A more definite indication of the life span of 
the tagged cells comes from a consideration of the 
stercobilin N** data which are plotted in the same 
figure. Consider that portion of the stercobilin 
curve from the 80th to the 175th day after glycine 
feeding. From a relatively constant level the N?® 
concentration in the fecal stercobilin began to rise 
at some time between the 80th and 93rd day and 
reached a maximum between the 114th and 125th 
day. Since the stools in this study were collected 
in eight-day periods for stercobilin isolation and 
analysis, the mid-points of collection periods were 
taken for the purpose of plotting the curve. Thus 
at the 120th day a maximum N** concentration 
was found in the isolated stercobilin. At this time 
the average tag on the cells being destroyed was 
greatest. These cells were labelled during the pe- 
riod of glycine feeding. The stercobilin tag at this 
time was much greater than the circulating heme 
tag because the segment of the red cell population 
with the highest heme tag was being degraded to 
stercobilin. The average life span of the red cell 
from stercobilin data is about 120 days. 

It has been demonstrated (31) from N?5-sterco- 
bilin studies in normal man that during the early 
phase of red cell labelling, the tag on the fecal 
stercobilin is greater than that which could be ac- 
counted for by breakdown of mature circulating 
erythrocytes. It was concluded that a portion, at 
least 11 per cent, of the stercobilin was not derived 
from circulating erythrocytes. In our patient, the 
average label on the stercobilin in the first four 
days was greater than that observed on the cir- 
culating hemin at the fourth day. It is also to be 
noted that the stercobilin label does not diminish to 
“normal abundance” levels between the 15th and 
the 80th days, similar to the results obtained by 
others (31) in normal man. Further investigation 
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of this problem is now in progress in our labora- 
tory. 

There were continuous determinations of the 
urinary urobilinogen, coproporphyrin, and fecal 
urobilinogen, the results of which were not dif- 
ferent from those presented in a previous study 
(1). At the time of glycine feeding and later, 
the fecal urobilinogen was not elevated. 

Figure 6 gives the data relative to serum iron, 
copper, and free erythrocyte protoporphyrin, with 
which are correlated the changes seen in hemo- 
globin. There was present, within the first 10 days 
after injury, a hypercupremia and a hypoferremia. 
The significance of this distinctive pattern which 
is seen not only in iron deficiency anemia, anemia 
of infection (24, 32), rheumatoid arthritis, preg- 
nancy, Hodgkin’s disease, and leukemia is not 
known. To our knowledge, however, a serial ob- 
servation through a complete phase, has not been 
reported previously. Contrasting the changes in 
the serum copper and serum iron with total cir- 
culating hemoglobin, the serum iron remained de- 
pressed for about 150 days, long after the T.C.H. 
had returned to normal. Serum copper on the 
other hand began to diminish toward normal levels, 
concomitantly with a rise in T.C.H. and a month 
before any possible trend in the serum iron was 
noted. Despite many recent studies, the signifi- 
cance of the role of serum copper remains unknown 
(33, 34). 

The change in the free erythrocyte protoporphy- 
rin is striking and has been observed in the 
anemia of infection (24). Shortly after the injury 
the EP began to rise and rose steadily to about 
the 54th day. The highest point was associated 
with a reticulocytosis of 7 per cent on the same 
day. The increase in EP without significant 
reticulocytosis from the 10th to the 50th day indi- 
cates reticulocytosis during this time was not di- 
rectly related to the rise of the EP. We also have 
evidence that iron deficiency was not developing, 
since the mean corpuscular hemoglobin concen- 
tration shows no change in the 50-day period when 
the EP was rising rapidly. Iron deficiency causes 
the greatest increases in EP. 

This very interesting observation suggests that 
the internal environment of red cells produced in 
this period of the burn was impaired, assuming 
that an increased quantity of free erythrocyte pro- 
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toporphyrin means a change in enzymatic reac- 
tions. From about the 50th to the 155th day, the 
EP remained relatively constant, and then began 
to diminish slowly. It was still high, even when 
the total circulating hemoglobin had returned to 
normal and when the serum copper and serum iron 
had returned to normal. The most plausible ex- 
planation for this is the production of abnormal red 
cells during the 50 to 60 day period, and so, these 
cells with a normal life span, as shown from the 
hemin data, would remain in the circulation with 
elevated EP for 120 plus 50, or up to 170 days. 


SUMMARY 


1. As measured by the incorporation of heavy 
nitrogen from orally-fed N**-glycine into the heme 
of hemoglobin, a 20 per cent contact burn in dogs 
resulted in marked depression of the extent and 
rate of hemoglobin formation, ten days after the 
injury. At this time the total circulating hemo- 
globin was diminishing rapidly, but even this stim- 
ulus was not sufficient to cause a reticulocytosis. 

2. By the hemin N*-tagging method, the life 
span of the normal dog’s erythrocytes was esti- 
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mated to be about 100 and 104 days, respectively, 
in two different animals. 

3. In burned dogs no significant changes were 
observed in free erythrocyte protoporphyrin or 
serum iron and copper, but increases in fécal uro- 
bilinogen and urinary coproporphyrin excretions 
were similar to the changes observed in the burned 
man. 

4. In a man, after a third degree burn of about 
16 per cent, there was evidence of depression of 
hemoglobin formation when estimated by the ex- 
tent of incorporation of heavy nitrogen from orally- 
fed N*-glycine into heme. The life span of the 
cells formed during injury was estimated to be 
about 126 days. The isotopically-labelled fecal 
stercobilin excreted by this man demonstrated 
maximum destruction of tagged erythrocytes at 
about 120 days. 

5. Free erythrocyte protoporphyrin, and serum 
iron and copper, followed a characteristic pattern 
in the burned man, the significance of which is un- 
known. Serial studies are presented for the com- 
plete phase after thermal injury and during re- 
covery. 
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fresh erythrocytes during the normal steady state, 
the donor’s cells disappear from the subject's cir- 
culation as they attain senescence. If the donor be 
also in the steady state when the blood is collected, 
the transfused blood will contain equal numbers of 
cells of all ages from 0 to the potential life span. 
The tracer ceils are depicted in our model as con- 
sisting of four crops with respective ages of 0, 1, 
2, and 3 time units. The count of the transfused 
cells in the subject at any time is the sum of the 
numbers present in each transfused crop. Since 
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Fic. 3. DistortTION OF THE DISAPPEARANCE CURVE OF 
INAGGLUTINABLE CELLS BY THE ASSUMPTION THAT ALL 
Cetts or A Crop Are Lost SIMULTANEOUSLY BY AGING 


The mean potential life span of erythrocytes is denoted 
by T. The distribution curve of the potential life spans 
of the cells of a single crop should then produce a curve 
as in (A). When transfused, that crop will then have 
a survival curve which terminates in an S-shaped seg- 
ment as in (C). The composite formed by the sums of 
cells in many such curves of transfused crops, terminating 
at various times after transfusion until the youngest cell 
has attained its life span, is a straight sloping line until 
it deviates in the region of the distribution of life spans 
about T as in (E). This is compared with the straight 
line slope resulting from the assumption that the distri- 
bution of life spans about T is negligible as in (F). It 
is concluded that the error of counting of the inagglu- 
tinable cells is such as to obscure the difference between 
the assumed and the theoretical curves so that the simpler 
assumption is justified in experimental work. 
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the crops of donor’s cells are not replaced when 
lost, the count of transfused cells reaches zero 
concentration when the youngest of the donor’s 
cells have attained their potential life span T. 
When large numbers of crops are considered, the 
curve of disappearance becomes essentially a 
straight line. 


We have shown previously (2) that the equation for 
this straight line is 


() M=No(1- 5) -0, wen 0X 


where M =concentration of cells remaining at any time 
t when normal aging is the sole cause of loss, No =con- 
centration of donor’s cells immediately after transfusion, 
T = potential life span of normal cells in days from time 
of release from the bone marrow to death by senescence, 
t= time after transfusion. 

Therefore, No/T is the number of cells in a day’s crop 
since the number of transfused crops equals T. The num- 
ber of cell crops still present, t days after transfusion, is 
T—t. 

Actually all cells in a crop do not disappear at pre- 
cisely the same age. There is a distribution of individual 
life spans about the mean value T, as shown qualitatively 
in Figure 3A. The resulting survival curve in 3C is 
obtained by plotting the number of cells of this crop 
surviving at time t, against t. In 3B the assumption is 
made that all cells are removed at the same age T, which 
results in the “rectangular” survival curve in 3D. It has 
been shown previously (2) that this assumption leads 
to the disappearance curve 3F, which is a straight line in- 
tersecting the time axis at T (equation 1). The actual 
disappearance curve resembles that depicted in 3E where 
the straight line is followed until t approaches T, when 
it tails out slightly. In Figure 3E the effect has been 
emphasized by exaggeration. The straight segment has 
been observed by many workers, but the tailing is difficult 
to measure because of the experimental errors when the 
inagglutinable cell counts are low. Ignoring the tailing 
does not introduce an appreciable error in the calcula- 
tion of the erythrocyte population or the rate of cell re- 
lease. Hence, unless otherwise stated, the “rectangular” 
survival curve 3D will be assumed in the following dis- 
cussion. 


RANDOM LOSS OF TRANSFUSED ERYTHROCYTES 


Previously (2) we have considered the mathe- 
matical implications of the random loss of trans- 
fused cells and have shown that if erythrocytes are 
destroyed at a constant percentage rate, irrespective 
of their age, the cell counts describe a curve which 
is the resultant of an exponential loss plus an ad- 
ditional loss from normal senescence. This curve 
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intersects the time axis at T and its equation is 


(T — t) are, 
when 0 < t < Be 


where N, = concentration of donor’s cells im- 
mediately after transfusion, T = potential life span 
of cells from release from the bone marrow until 
death by normal senescence, t = time after trans- 
fusion, N = count of donor’s cells at time t, e = 
base of natural logarithms, and b = constant per- 
centage rate of random destruction (e.g., if 2 per 
cent of the surviving cells are lost per day, then 
b = 0.02), (T — t) = number of remaining crops, 


2) = 


and (F e*) = number of cells in each surviv- 


ing crop at time t. 

The rate of random loss of the transfused cells 
may be calculated by an adjustment of the ob- 
served values for the inagglutinable cell counts to 
compensate for loss by normal aging. This is 
equivalent to a manipulation which abolishes all 
loss by aging so that the disappearance from ran- 
dom destruction is sharply defined. For this pur- 
pose it is convenient to introduce a quantity Q, 
which is a function of time, and is defined by the 
equation : 


(3) 


where the symbols have the same meaning as in 
equation 1. 

In the practical determination of the Q curve it 
is usually more convenient to rewrite equation 3 
thus: 


(4) 


, when 0 <t < T, 


N . 

t 

N,Q can then be considered as the count of trans- 
fused cells with infinite potential life spans whose 
actual life spans thus terminate only by random 
destruction. The values for N,Q are calculated, 
rather than those for Q. This obviates the neces- 
sity for estimating any value for N, at the begin- 
ning. The first inagglutinable cell count may be 
unsatisfactory to employ as N, because too much 
emphasis is placed on a single determination. 
Once the N,Q values have been plotted and a 
smoothed curve drawn through the points, N, may 
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be estimated by finding where the curve intersects 
the vertical axis t=O, because at this point 
Q=1. The scale of ordinates for the N,Q curve 
runs from O to Ny. The graph made by values 
of N,Q can also be used as a graph of Q by sub- 
stituting a vertical scale from O to 1. 

To construct a model, such as is pictured in 
Figure 1, specific modes of action of the destructive 
mechanism must be assumed. In this case we have 
chosen to consider a hypothetical situation which 
is a composite of several examples confronting us 
in our experimental studies to be presented in later 
papers. The assumptions are: (a) The destruc- 
tive mechanism acts on all cells of each crop at 
random; (b) at the beginning of action of the 
destructive mechanism the cells of all crops are 
damaged simultaneously and irrespective of age 
so that random destruction starts in all crops at 
the same time; (c) when the destructive mecha- 
nism ceases, the damaged cells of the pre-existing 
crops continue to be lost at random throughout the 
potential life span of the crops, whereas the cells of 
the new crops are undamaged. 

For the purposes of this discussion it is neces- 
sary to expand the meaning of the term random 
destruction. The reader is perhaps accustomed 
to thinking of the steady state of random destruc- 
tion as implying that the percentage rate of loss 
must be constant. However, the authors do not 
conceive this as being necessarily true. Let it be 
supposed that the cells of any given crop are de- 
stroyed at random, but the percentage rate of loss 
varies with the time which has elapsed since the 
destructive mechanism first began to act on the cells 
of this particular crop. Then, if the disappearance 
curve of the crop is plotted on semilogarithmic 
coordinates, a straight line will not result, and 
the curve is not exponential in the usual sense. 
Yet, if the disappearance curves of successive 
crops (depicted in Figure 1) are congruent, a 
steady state will exist, provided the rate of cell 
release is constant. 


The implications of this hypothesis for three particular 
groups of cell crops are: (a) For cell crops present in the 
subject at the inception of the induction phase, the 
destructive mechanism begins to act at the inception of 
the phase; hence, the percentage rate of random destruc- 
tion for these crops depends on the length of time since 
the beginning of the phase. The age of the cells at the 
beginning of the phase is inconsequential. (b) For cell 
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crops produced after the beginning of the induction phase, 
the destructive mechanism begins acting at the time the 
cells are extruded into the circulation; hence, the per- 
centage rate of random loss for these crops varies with 
the age of the cells. (c) For crops of transfused cells, 
the destructive mechanism begins to act at the time of 
transfusion; hence, the percentage rate of random loss 
for these crops depends on the length of time since 
transfusion. It does not depend on the age of the cells 
at the time of transfusion. 

If it be assumed that the disappearance curves of suc- 
cessive crops of cells are congruent, and the transfused 
crops of cells are destroyed in the same manner as the 
subject’s cells, then it follows that the disappearance 
curve of the transfused cells will be the same, regardless 
of the time at which it is determined. This situation may 
be termed a “constant process of random destruction.” 
It is presumed to exist from the beginning of the induc- 
tion phase, through the steady state of random destruction, 
to the beginning of the recovery phase. 


Graphic Demonstration of Random Loss 


Cartesian coordinates. When the N,Q values 
are calculated from the observed counts for the in- 
agglutinable cells by the use of equation 4, they 
may be plotted on Cartesian (ordinary rectangular ) 
coordinates. If there has been no random loss of 
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cells, a straight horizontal line is formed when the 
N,Q values are plotted on the vertical axis and 
time after transfusion t is plotted on the horizontal 
axis. If, however, there is random loss, in addi- 
tion to disappearance by normal aging, the result- 
ing curve will be curvilinear and lie above the curve 
of the observed values for the inagglutinable cell 
counts (Figure 4). The N,Q curve may approach, 
but never reaches, the horizontal axis whereas the 
curve of observed values intersects the time axis 
at T, the mean potential life span of the cells. This 
method of plotting demonstrates the presence or 
absence of random destruction of the inagglutinable 
cells, but gives no obvious information as to the 
percentage rate of random loss. Plotting on Car- 
tesian coordinates is, however, necessary to ob- 
tain the area under the N,Q curve employed in 
certain methods to be discussed later. 
Semilogarithmic coordinates. When the N,Q 
values are plotted on a vertical semilogarithmic 
scale against values for time t on the horizontal rec- 
tangular scale, the curve is a horizontal straight 
line when there has been no random loss (Figure 
4). A straight line sloping downward to the right 
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The solid line curve on Cartesian coordinates was constructed from values 
for inagglutinable cell counts N on the assumption that the potential life 
span T of the transfused cells was 4 time units and that there was a con- 
stant random destruction, in addition to loss by aging. The N.Q values 
were then calculated, using equation 4, and form the curve of broken lines 
which approaches the time axis, but never intersects it. Plotting the NoQ 
values on semilog coordinates produces a straight line with slope downward 
to the right. When the curve of NoQ values deviates from the horizontal 
(in either system of coordinates) there has been random loss of transfused 
cells. A straight line slope on semilog coordinates indicates a constant per- 
centage rate of random loss. The slope of the line gives the percentage rate 
of loss. 
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indicates random loss in exponential fashion, i.e., 
at a constant percentage rate. The slope of the 
curve is proportional to the percentage rate of 
loss. Thus if the sloping curve is not a straight 
line but deviates toward the horizontal, there is 
deceleration in the percentage rate of loss; if the 
curve deviates toward the vertical, the percentage 
rate is accelerating. This method of plotting, 
therefore, indicates not only the presence of ran- 
dom loss of cells but also gives information as to 
the rate of random loss. The example plotted in 
Figure 4 shows observed values corresponding to 
equation 2 from which N,Q values were calcu- 
lated by equation 4. The constant rate of random 
loss represented here is a special case of our more 
general hypothesis, but it occurs very commonly. 


In equations 3 and 4 we have taken the simple expres- 
sion for M, based on the rectangular approximation of the 
cell survival curve in Figure 3D, so that M =O at t= T. 
If NoQ is to have a finite value at t= T, N must also be 
O. Since the rectangular survival curve is not an ac- 
curate description of nature, experimental values of N are 
found to have a small value greater than O at t=T. 
This makes N.Q, as determined by equation 4, approach 
infinity as t approaches T. This difficulty can be obviated 
by incorporating in equations 3 and 4 an expression for 
M corresponding to the more accurate description shown 
in Figure 3E. In practice, however, it is more convenient 
if the end portion of the N.Q curve is determined by ex- 
trapolation from the region in which Figure 3F and 
equation 1 are accurate descriptions. The exact shape of 
the N.Q curve near the end, in any event, does not 
markedly affect the results of the graphic methods to be 
presented. 


In calculating values for N,Q in equation 4 it is 
necessary at the outset to select a value for T, since 
the mathematical form of Q is unknown. This is 
often difficult experimentally because the actual 
counts of the donor’s cells merge gradually into the 
blank counts of the subject’s own inagglutinable 
cells. An error in the selection of the value for T 
results in a curved line when the N,Q values are 
plotted on semilog paper. This curvature can be 
misinterpreted as indicating changes in the rate of 
random destruction. The probability of such an 
error can be lessened by calculating the N,Q values 
with several assumptions for T. In practice it 
often happens that no value for T can be found 
which gives a straight line curve, in which case 
it seems most practical to assume T = 120 days, 
unless there is definite evidence to the contrary. 
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Fortunately, during the first 60 to 90 days of a 
transfusion study, the calculations of N,Q are 
relatively insensitive to slight errors in the value 
chosen for T. But when t approaches T, slight 
changes in the value for T make large differences 
in the N,Q values. The effect of the assumption 
of the rectangular survival curve on the N,Q 
values has previously been discussed. For these 
reasons, most emphasis should be placed on the 
N.Q values during the first 60 to 90 days. In this 
paper T will be assumed to be the same for both 
donor’s and subject’s cells. 


The theoretical implications of the Q curve are wider 
than so far indicated. In an earlier paper (2) we used 
the equation 


where N=number of observed inagglutinable cells at 
time t after transfusion, M = number of cells at time t if 
there were no loss except by aging, No=number of 
donor’s cells immediately after transfusion, a = constant 
of proporticnality or 1/T, T = potential life span of nor- 
mal cells from time of release from the bone marrow 
to death by senescence. If some of the donor’s cells are 
destroyed at random irrespective of their age, the con- 
centration actually present at time t is less than M and 
this quantity can be represented by N. Since all crops 
present at time t have been exposed to the destructive 
mechanism for the same length of time, they have all been 
reduced in numbers by the same fraction N/M. Further- 
more, the number in the crop lost by normal aging at that 
time is only N/M times as large as it would have been 
without random destruction. Thus the rate of disap- 
pearance from normal aging is — (N/M)aNo. This ex- 
pression includes only the cells which are lost by normal 
aging. 

Assume that the random destructive mechanism removes 
cells at a rate proportional to the number of cells present 
and a coefficient which depends upon the length of time 
since the cells were first exposed to the destructive factor. 
Then the rate of removal of the cells by this mechanism 
becomes —k(A)N, where 4= length of time since first 
exposure, and k(\) is the percentage rate of destruction 
of cells after time 4. If the donor’s cells are first ex- 
posed to the destructive mechanism at the time of trans- 
fusion, both \ and t are measured from the same point, 
hence \ = t, and the rate of removal due to the destructive 
mechanism is —k(t)N. The total rate of removal is 
then: 

(6) = — k()N. 
Integration of equation 6 yields 
(7) N=(T- 1) when <T, 


where t’=any value of time between O and t. 


= 
\ 
| 
° 


therefore 


(8) Q =e when OF t < T. 


The special but common case, in which k(t’) has some 
constant value b, gives the expression used in equation 
2: Q=e™, when k(t’) =b. 

No cells of the crop extruded from the bone marrow pre- 
cisely at the time of transfusion of tagged cells are lost 
by aging during the transfusion experiment because the 
study coincides with their life span. If the subject’s cells 
are destroyed in the same manner as those of the donor, 
one gets the following: 


(0) = — k(W)r, 


where r = number of subject's cells in the crop at time t 
and A = length of time since cells were first exposed to the 
destructive mechanism. In this case, also, \=t. Hence 


dr 


(10) = k(t)r, 
(11) r(t) = e at’ 
To 


where ro is the original number of cells in the crop. 
From equations 8 and 11 


(12) _ 
To 


The expression r(t)/ro gives the proportion of cells of 
the crop which survive at time t, hence at age t. Thus 
Q(t) is also the survival curve for this crop of cells. 
Since it is assumed that each crop is treated similarly, 
regardless of the time of appearance in the circulation, 
Q(t) is the survival curve giving the probability that any 
cell will survive at least to age t. The symbol ¢(t) has 
been employed by other workers (3-5) to designate this 
probability. Therefore the technique of differential ag- 
glutination after transfusion affords a reasonably direct 
method of determining the cell survival curve. 


STEADY STATE DURING RANDOM DESTRUCTION 


After the constant process of random destruction 
of the subject’s erythrocytes has been in operation 
for sufficient time, his erythrocyte counts cease to 
decrease but stabilize at a level below that of the 
normal steady state R, (Figure 1). The new 
steady state is maintained as long as the rate of 
cell release remains constant and the random loss 
is unchanged. 

Detailed examination of this abnormal steady 
state is assisted by study of Figure 5. Originally 
each crop is composed of the same number of cells, 
and for the present case this number is assumed 
to be the same as for those crops formed during 


Since Q has been defined in equation 3 as Q= N/M, 
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the normal steady state. Each crop has an identical 
but abnormal disappearance curve. The resulting 
erytarocyte level R’ is the sum of the numbers of 


STEAQY STATE OF DESTRUCTION 
CROPS OF 
SUBIECTS 
CELLS = 
Resuiting Re TF 
CELL CouNTS 
OF SUBJECT 

actual ce// counts R’ 


time —> 


TRANSFUSED CELL 
CROPS DESTROYED 
BY SAME MECHANISM =o 


RESULTING COUNTS 
OF TRANSFUSED 
CELLS 


time —> Tf 


Fic. 5. RELATION oF DISAPPEARANCE CURVE OF TRANS- 
FUSED NorMAL ErytHrocyTes To Loss SINGLE 
Crops OF RECIPIENT DURING STEADY STATE OF RANDOM 
DESTRUCTION 


During this phase the loss of the cells in each crop of 
the recipient is depicted as a curve which ceases at the 
termination of the potential life span when the number of 
cells abruptly falls to zero as the remainder is lost by 
aging, to be replaced by a new crop. The component crops 
of the transfused cells are similarly lost except that a 
larger proportion of each crop is lost by aging and there 
are no replacements. The sums of inagglutinable cells in 
the crops present at various times form a disappearance 
curve, depicted by the solid line, which actually inter- 
sects the time axis at T. When the loss of inagglutinable 
cells by aging is compensated for in the computation of 
the N.Q values by equation 4, a curve (broken line) 
results which can be made congruent with the disap- 
pearance curve of any single cell crop of the subject. 


| 
| 
time —> T 
| TTT 


cells of all crops contemporaneous at any time t, 
but the contribution of any one crop differs from 
all the others. 

The lower half of Figure 5 depicts the fate of 
normal erythrocytes transfused to the subject dur- 
ing this steady state, if the donor’s cells are de- 
stroyed in the same manner as those of the sub- 
ject. The disappearance curves of the crops of 
donor’s cells are similar to those of the subject, 
except that the older crops are lost by aging be- 
fore as many cells can be destroyed at random. 
The sums of the numbers of cells in the transfused 
crops at any time t equal the inagglutinable cell 
count expressed by equation 7. The values for 
N,Q can be computed from the observed counts 
using equation 4. 

The addition of increments of staggered crops 
of recipient’s cells at time t is equivalent to adding 
the cells present at successive time units on a single 
curve of disappearance or survival. This is il- 
lustrated in Figure 6 in which a curve for a single 
crop has been divided into vertical rectangles the 
sum of whose heights approximates R’. The ac- 
curacy of this relation increases when the number 
of time units, and hence the number of rectangles, 
is enhanced beyond the limit of graphic pre- 
sentation. Actually this is the method of integral 
calculus in determining an area under a curve. 
Similarly, division of the rectangle enclosing the 
survival curve for the crop into smaller vertical rec- 
tangles shows that the sum of their heights equals 
Ro, the erythrocyte level of the subject when there 
is no random destruction. Hence R’ can be repre- 
sented by the area X, and R, by the area X + X’ 
so that 

R’ X 
Ro X+X"" 

The cell level R’ could be calculated from the areas 
X +X’ if these were known, but no methods are pres- 
ently available for the direct measurement of a single crop 
of cells, although composites of the crops of a few days 
have been measured by labeling the subject’s erythro- 
cytes with N* (6) or C* (7). 

Relative values for X and X’ may be obtained 
by the transfusion of biologically tagged cells to 
the subject, provided that the donor’s cells are 
destroyed in the same manner as the subject’s and 
that the potential life spans of the cells in the two 
populations are the same. Thus in Figure 6 both 
the upper and lower rectangles have the same base, 
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and the height of the N.Q curve of the transfused 
cells has been proven to be everywhere propor- 
tional to that of the disappearance curve of the 
single crop. These curves can, in fact, be made 
congruent by drawing them on the same scale. 
Therefore 
Y 

(14) x+x’ Y¥+yY’ 


and from equation 13 we have 


Y P 

(15) R or R’ = Ro( yay) 
This relation applies to any shape of disappearance 
curve, provided that the curve of the single crop 
can be made congruent with the N,Q curve. The 
principal conditions for this are that the recipient’s 
and donor’s cells be destroyed at the same rate, 
i.e., the same k(A), and that they have the same 
potential life span T. 


The mathematical proof of equation 15 follows. Cal- 
lender, Powell, and Witts (3) pointed out that the mean 
cell life + (1.e., actual mean cell life, whether the loss is 
by aging or random destruction) is represented by the 
area under the survival curve. Thus, by our assumptions, 
7 equals the area under the Q curve between t =O and 
t= T in equation 3. Using the symbolism of calculus, 


In any steady state the total number of cells must be the 
product of the actual mean life span and the rate of 
production. Hence, if a is the normal rate of cell re- 
lease, Ro the resulting normal erythrocyte count, and R’ 
the erythrocyte count in the steady state of random de- 
struction during a normal rate of cell release, 


(16) 


(17) Ro = aol 
(18) R’ = aor 
(19) R’ aor Nor 


Re ack Net’ 


From equations 16 and 19 we have 


Nef Qdt f"NQdt 


Graphic Method for Estimating Rate of Cell 
Release 


In practice the estimation of R’ in equation 15 is 
relatively simple. The observed inagglutinable cell 
counts are recalculated according to equation 4 to 
obtain the N,Q values. The latter are plotted on 
the vertical axis of Cartesian coordinates, against 


: 
| 
* 
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days after transfusion on the abscissa. A smoothed 
curve is drawn through the points. This curve 
will not intersect the time axis. As shown in 
Figure 6, a rectangle is constructed with the verti- 
cal axis of the graph as the left side, the horizontal 
axis from O to T as the base, a vertical line at T as 
the right side ; and the top is formed by a horizontal 


Single crop of subjects celis 
with conslant rate of random /oss 


time —> 
Loss of fracer cells with some 
vale of destruction 


Fic. 6. Grapnic Estimation oF ErytHrocyTE LEvEL 
OF THE SUBJECT IN THE STEADY STATE OF RANDOM 
DESTRUCTION 


Reference to Figure 5 shows that the subject’s erythro- 
cyte count R’ in the steady state of random destruction 
is the sum of the numbers of contemporaneous cells in 
the four crops. Each crop makes a different contribution 
to the sum since a vertical line at time t cuts each disap- 
pearance curve at a different time in its life span. The 
same value for R’ can be obtained by cutting the disap- 
pearance curve of a single crop into vertical rectangles 
for each time unit, as in the present figure, and adding 
the vertical lengths together. If there were no loss by 
random destruction, the disappearance curve of a single 
crop would form the rectangle X + X’ and its component 
vertical rectangles, when added together, would give the 
cell level Ro in Figure 5. But the data of a single crop are 
not available for measurement whereas it has been shown 
that the N.Q values of normal transfused cells, destroyed 
in the same random fashion as those of the subject, form 
a curve which can be made congruent with the disappear- 
ance curve of a single crop of the subject’s cells. 
Therefore 


RY 
Ro X + X’ 


Y 
The areas Y and Y+Y’ may be measured with a 
planimeter. 
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line through the intersection of the N,Q curve with 
the vertical axis. When the exact value for the 
subject is unknown, T is usually taken as 120 days. 
The area under the curve is Y and the remainder 
of the area of the rectangle is Y’. The area Y is 
measured with a planimeter and the area of the 
rectangle Y + Y’ may be obtained in the same 
manner or by inspection of the graph paper. 

The value for R’ is computed from equation 15 
in which R, is usually taken as equal to 5 millions 
per mm.’ R’ is the level of the subject’s erythro- 
cytes to be expected when (a) the rate of cell re- 
lease is normal, (b) the subject’s cells are lost at 
random in the same manner as the tracer cells, re- 
gardless of the shape of the disappearance curve, 
(c) the potential life span of the two cell popula- 
tions is approximately equal, (d) the subject is in 
a steady state during random destruction of 
erythrocytes. 

The subject’s actual erythrocyte counts are ob- 
tained by subtracting the inagglutinable cell count 
from the contemporaneous total cell count. The 
actual cell counts of the subject are then compared 
with the values computed for R’ and, when they 
are significantly higher or lower, it is concluded 
that the rate of cell release is greater or less than 
normal. 


More precisely, the rate of cell release must be pro- 
portional to the observed cell count. Thus 


, 
(21) = a actual cell level ae actual cell level | 


where a =normal rate of cell release, a’ = rate of cell 
release during the steady state of random destruction. 

It is of interest that Dornhorst (5) has used a similar 
graphic method for estimating the mean cell life when 
normal blood is transfused to a patient with a hemo- 
clastic anemia. 

Since correct values for Ro and T are not always known 
for the subject of a study, it is worthy to note the manner 
in which errors in assuming values affect the calculated 
values for R’ and a’/ao. Analysis reveals that when the 
random destruction is very slight, an error in assuming 
a value for T produces a much smaller error in R’. But 
if the random destruction is great, the error in assuming 
a value for T is carried over undiminished in calculating 
R’. In any case, the sense of the error is reversed: if T is 
too large, R’ is too small. Any error in the assumed value 
of Ro appears undiminished in the calculated R’; if Ro is 
taken too large, R’ is proportionately large. Any error 
in the calculation of R’ is transmitted undiminished to 
the calculated value of the ratio a’/a., but it is reversed 
in sense. 


= 
| 
| 
| Nop. | 
values 
Roy 


Errors in counting cells are minimized in these graphical 
methods because little emphasis is placed on a single de- 
termination. In measuring the erythrocyte level of the 
subject, counts are made on several days and a mean is 
taken. In determining the disanpearance curve of trans- 
fused cells, the points are plotted and a smooth “average” 
curve is drawn. These procedures serve to minimize the 
effects of random short-term variations in blood volume. 

The other principal assumptions are best considered 
when the methods are applied to individual cases. The 
plausibility of assuming no systematic change in blood 
volume and the same rate of random destruction for the 
erythrocytes of donor and recipient depend entirely on the 
specific conditions of the individual study. 

With the present level of refinement in the experimental 
methods these graphic analyses are most useful for dem- 
onstrating gross changes in the rate of cell release, for 
example, when a’ is two or more times as great as Qo. 
However, if ways are found to better evaluate T and Ro 
and to remove some remaining uncertainties concerning 
the basic hypotheses, these graphic methods may be use- 
ful in demonstrating more delicate changes in the rate 
of numerical cell production. 


INDUCTION PHASE OF RANDOM DESTRUCTION 


In Figure 1 the erythrocyte level of the subject 
describes a curve Ring Which commences to descend 
from the normal level R, to a lower level R’ at the 
beginning of the period of random destruction. 
In certain experiments it is useful to predict this 
transition curve. The expanded graph in Figure 7 
shows that the tagged cells have the same curve of 
loss as they have in the steady state of random 
destruction in Figure 5. The subject’s cells may 
be considered in two groups (a) those present at 
the beginning of the induction phase, “pre-existing 
cells,” and (b) cells released to the circulation 
after the beginning of the induction phase, “new 
cells.” It will be assumed that the time taken to 
change from the normal state to that of random 
destruction is negligibly brief. After the change 
occurs, a time T must elapse before the steady state 
of random destruction is attained. 

Each crop of “pre-existing cells” is removed in 
the manner shown by the Q curve in Figure 8 un- 
til it reaches the end of its potential life span when 
the remainder is lost by aging. Each crop is as- 
sumed to have the same initial number of cells and 
the rate of random destruction of each crop is as- 
sumed to be the same. Therefore, the number of 
cells remaining in each crop at any time t is the 
same, and is proportional to the ordinate of the Q 
curve at the time. The number of surviving crops 
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INDUCTION PHASE 
Rendon destruction begins 
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time 


Fic. 7. RELATION OF THE DISAPPEARANCE CURVE OF 
TRANSFUSED NorMAL CELLS TO THE DECREASING CELL 
CouNTS OF THE SUBJECT DURING THE INDUCTION PHASE 
oF Ranpom DEstRUCTION 

For purposes of this example it is assumed that each 
cell crop exposed to the destructive mechanism is similarly 
damaged so that its cells are lost at random irrespective 
of their ages. During this phase the sums of the cells 
in the “pre-existing” crops are lost in a curve congruent 
with the disappearance curve made by the observed values 
for the inagglutinable cells transfused during this pe- 
riod. The decreasing values for the subject’s cell count 
form a curve Rina of two components, one the “pre- 
existing” cells and the other the cells formed after 
random destruction has begun. 


is T —t, since the other crops will have been lost 
by senescence. The total number of “pre-existing 
cells” remaining at any time t is therefore propor- 


|_| : 
Rp 
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tional to the product (T — t)-Q(t), which is the 
densely stippled area in Figure 8. 

The production and loss of “new” cells may be 
followed in Figure 7. Still assuming that the rate 
of cell release remains normal, the total number of 
“new” cells at any time t is the sum of the cells 
remaining in all crops which have been released 
up to that time. The contribution of one crop to 
the sum is different from that furnished by any 
other at that time. The addition of increments of 
staggered crops is equivalent to adding the number 
of cells present at successive units of time on a 
single curve. This reasoning has been employed 
previously in discussing the steady state of random 
destruction. In the induction phase, however, the 
number of “new” cells present at time t is the sum 
of the cells in the new crops produced prior to t. 
This sum is represented by the area under the Q 
curve in Figure 8 between O and t, shown as the 
sparsely stippled portion. 


No Xe 10 


time —> 
Fic. 8. Grapuic EsTIMATION OF THE DESCENDING 
Curve oF EryTHROCYTE COUNTS IN THE SUBJECT DURING 
THE INDUCTION PHASE OF RANDOM DESTRUCTION 


The problem is to construct curve Rina in Figure 7 
when R,. is known, the cell release rate is normal, and 
the rate of random destruction is measurable from the 
disappearance curve of the inagglutinable cell counts. 
The time T is the potential life span of normal erythro- 
cytes, generally 120 days. The curve is constructed 
from the N.Q values of the inagglutinable cell counts ob- 
tained with equation 4. The intersection of the curve 
with the vertical axis determines No. At any time t the 
number of remaining “pre-existing” cells is represented 
by the densely stippled area, whereas the number of 
“new” cells is represented by the sparsely stippled area. 
The entire stippled area is designated Z and the unstippled 
remainder of the rectangle is Z’. These areas may be 
measured by a planimeter. Points on the curve Rina are 
determined for various times t according to the relation 


Rina Z 
R "Zaz Rint = Ro( 
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The total number of cells at time t is Ring, which 
is represented in Figure 8 by the entire area which 
is stippled, either densely or sparsely, now called 
Z. As before, R, is proportional to Z + Z’ and at 
any time t 


Re Rm = 
As in the steady state, the ratio of these areas can 


be determined as well from a plot of N,Q values 
as from Q itself. 


(22) 


The mathematical proof for equation 22 follows: At 
any time t (measured now from the beginning of the 
induction phase) the pre-existing cells R, have ages be- 
tween t and T. The number of daily crops is T—t and 
each crop has been reduced from its original size a to 
aQ(t). Thus the total number of pre-existing cells is 
(23) Ri(t) = aoQ (t)(T —t). 


At time t the new crops have ages between O and t. 
The number of cells in a crop of age t’ (between O and t) 
is Q(t’). Adding all the new crops gives the number 
of new cells R,: 


(24) = “aQ(t’)dt’ = ao 
The total number of cells then is 
(25) Rina(t) = Ri + Re 
= + fora’). 
It has already been shown that 


(17) Ro = aol. 
Combining equations 17 and 25 yields 


aol 
Multiplying the numerator and denominator by No/do 
gives 
Ro Nol 


(26) 


Rina(t) = Ro( 


Graphic Method for Estimating Rate of Cell 
Release 


The problem is to construct the expected curve 
of the subject’s erythrocyte counts if the rate of 
production of cells proceeds at a normal rate and 
if the inagglutinable cell counts, or other condi- 
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Fic. 9. RELATION OF THE DISAPPEARANCE CURVE OF 
TRANSFUSED NORMAL ERYTHROCYTES TO THE INCREASING 
CeLt CouUNTS OF THE SUBJECT DURING THE RECOVERY 
PHASE OF RANDOM DESTRUCTION 


Under the specific assumption made in this example the 
crops of the subject’s cells, pre-existing when the damag- 
ing mechanism ceases, continue to be lost in random fash- 
ion, whereas new crops survive normally. During this 
phase the sums of both new and pre-existing crops form a 
curve Rree which is the expected erythrocyte count of the 
patient, provided that the rate of cell release is normal 
throughout. The N.Q curve of normal cells, transfused 
just before cessation of the destructive mechanism, can 
be made congruent with the disappearance curve of a 
single crop of “pre-existing” cells. But the values on 
this curve plus the baseline R’ are still less than the val- 
ues for Rree because. the latter is enhanced by the ad- 
dition of the cells of the “new” crops which survive 
normally. 
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tions of the experiment, indicate that the data are 
derived during the induction phase. The previous 
assumptions are made that the biologically tagged 
cells are destroyed in the same manner as those of 
the subject and the potential life spans of the two 
populations are approximately the same. 

The N,Q values for the observed inagglutinable 
cell counts are computed from equation 4 and 
plotted on the vertical axis of Cartesian coordinates 
against time in days after the beginning of the 
induction phase on the horizontal axis. A smoothed 
curve is drawn through the points and an en- 
closing rectangle is constructed, as in Figure 8, 
with its base the horizontal axis from O to T, the 
vertical axis from O to N, as the left side, a vertical 
line at T as the right side, and a horizontal line 
intersecting the vertical axis at N, as the top. 
As in the steady state of random destruction, N, 
(the count of inagglutinable cells immediately after 
transfusion) is determined by the intersection of 
the N,Q curve with the vertical axis. T is usu- 
ally taken at 120 days. 

Values for t are selected on the N,Q curve and 
the construction indicated in Figure 8 is made for 
each point. The area for Z is measured by run- 
ning a planimeter around the figure containing the 
sparse and dense stippling. The area of the rec- 
tangle can be measured with the planimeter or 
estimated from counting squares on the graph 
paper. The values for Ring are computed using 
equation 22. R, is usualy taken as 5 millions per 
mm.* The observed values for the subject’s cell 
counts are then compared with the computed val- 
ues for Ring and significant discrepancies indicate 
changes from the normal rate of cell release. The 
method is applicable regardless of the shape of the 
N,Q curve. 


PHASE OF RECOVERY FROM RANDOM DESTRUCTION 


In Figure 1, when the destructive mechanism 
ceases to act, the level of the subject’s erythrocytes 
rises from the steady state R’ to the normal level 
R, in a transition curve labeled Rree. The special 
case has been assumed in which the cells of the 
crops initially exposed to the destructive agent are 
unaffected by the cessation of the destructive agent 
and continue to be lost in random fashion, whereas 
“new” cells survive in a normal manner. 

It will be recalled that R’ was defined as the level 
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Fic. 10. Grapuic ESTIMATION OF THE ASCENDING 
Curve oF EryTHROCYTE COUNTS IN THE SUBJECT DURING 
THE REcoveRY PHASE FROM RANDOM DESTRUCTION 


The problem is to construct curve Rree in Figure 9 
when R,. is known, when the observed cell level during 
the steady state of random destruction has been meas- 
ured in comparison with the expected level R’, when the 
rate of cell release is normal during the recovery phase 
regardless of the rate during random destruction, and the 
manner of random destruction has been measured by the 
disappearance curve of transfused inagglutinable cell 
counts. 

The N.Q values of the inagglutinable cell counts in the 
present figure are computed with equation 4 and plotted 
on the vertical axis of Cartesian coordinates against time 
after cessation of the destructive mechanism on the 
abscissa. T is taken as the normal life span of erythro- 
cytes, usually 120 days. The intersection of the ordinate 
by the curve determines No. A glance at Rree in Figure 9 
will show that it will exhibit a different rate of climb if 
it begins at a level different than R’, which is defined as 
the cell level expected in the steady state of random de- 
struction when the rate of cell release is normal. If the 
cell release rate has been abnormal, the observed cell level 
The fraction > en 

a actual cell level 
is then computed for the steady state of random destruc- 


tion, and is then employed to obtain the expression No= : 
‘0 


will differ from R’. 


The value for the latter is plotted on the ordinate of the 
graph and the top of the rectangle is formed by a hori- 
zental line through it. As in Figure 8, the densely stippled 
area represents the “pre-existing” cells and the sparsely 
stippled area the “new” cells. The entire stippled area 
is designated as W and the unstippled area of the rectangle 
is W’. Then at any time t 


WwW 
or Riss = Ro( 


The areas W and W’ may be measured with a planimeter. 


Rre 
Ro Ww+w’ 


of the subject’s cell counts resulting from random 
destruction of cell crops which are produced by a 
normal rate of cell release. This value is then com- 
pared with the observed cell counts of the subject 
to determine whether the cell release rate was in 
fact normal. The contour of the curve Rrec de- 
pends on whether it starts at R’ or the observed 
cell level, if there is a discrepancy between the 
two. In Figure 9 the construction is based on an 
example in which the actual cell level of the subject 
during the steady state of random destruction co- 
incides with R’. Ifthe number of cells in the crops 
during the steady state of random destruction is 
a’ rather than ay, the actual cell level will not coin- 
cide with R’. These crops, being damaged initially 
by the destructive mechanism, continue to be lost 
at random after cessation of the destructive factor. 
The new crops, however, are formed of normal 
numbers and survive normally. The sums of the 
numbers present in all crops at any time t during 
the recovery phase determine the points on the 
curve Rrec, where t is measured from the beginning 
of the recovery phase. 

The number of “new” cells present at time t is 
aot, which is the sparsely stippled rectangle in 
Figure 10. The “pre-existing” cells present at 
time t have ages from t to T. The number of 
cells in any one crop at time t is different from the 
number in any other crop. As before, the addition 
of increments of staggered crops is equivalent to 
adding the cells present at successive time units in 
a single curve. In the recovery phase the number 
of “pre-existing” cells is the sum of the cells of all 
crops of ages between t and T. If t” is a time be- 
tween t and T, the size of a crop of age t” is 
a’Q(t”). Hence the number of the “pre-existing” 
cells is proportional to the densely stippled area in 
Figure 10 and the total number of all cells, both 
“pre-existing” and “new,” is represented by the 
entire stippled area W. As before, R, (which 
equals a,t) is represented by the area W + W’ so 
that 


(28) 


Ree = Ro 


In the symbolism of calculus, 


= a’ [St + 


(29) 
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From equations 17 and 29 


aol 


Multiplying numerator and denominator by N./a’ 


+ N.O(t”)dt” 


Rreo(t) 
(30) = 


Graphic Method for Estimating the Rate of Cell 
Release 


The problem is to estimate the expected erythro- 
cyte counts of the subject during the recovery 
phase from random destruction when the rate of 
that destruction has been indicated by a series of 
inagglutinable cell counts. In this case the data 
must be secured from a tagged-cell transfusion 
given before the onset of the recovery phase. 

The N,Q values for the inagglutinable cell 
counts are calculated with equation 4 and plotted 
on the vertical axis of Cartesian coordinates 
against time after the beginning of the recovery 
phase in days on the abscissa. A smoothed curve 
is drawn through the points. The graph is en- 
closed in a rectangle similar to that in Figure 10, 
using the horizontal axis from O to T (usually 
120 days) for the base, the vertical axis of the 
graph as the left side, and a vertical line at T for 
the right side. 

The horizontal line forming the top of the rec- 


tangle is constructed at a height No on the verti- 
a 


cal scale of the graph. N, is determined by the 
intersection of the N,Q curve with the vertical 
axis. The fraction is computed from equation 21. 
For each value selected for t on the N,Q curve 
the construction indicated in Figure 10 is made, 
the entire stippled area is then measured with a 
planimeter, obtaining the area W. The area of 
the rectangle W + W’ may be measured with the 
planimeter or estimated by counting squares on 
the graph paper. Each point for Rye is then com- 
puted using equation 28. 

The curve produced by the points calculated for 
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Rree represents the expected erythrocyte counts 
of the subject during the recovery phase from 
random destruction, when the rate of cell release 
during recovery is normal, when the subject’s cells 
have been randomly destrcyed in the same man- 
ner as the tagged cells, when the cells of crops 
initially damaged by the destructive mechanism 
continue to be lost at random unaltered by the 
cessation of the destructive mechanism, and when 
the potential life spans of the subject’s and donor’s 
cells are approximately equal. Comparison of the 
observed values for the subject’s cell counts with 
the Ryee curve reveals whether the rate of erythro- 
cyte release was normal, accelerated, or diminished. 
This method is applicable regardless of the shape 
of the N,Q curve. 


SUMMARY 


Employing simultaneous counts of the subject’s 
erythrocytes and the inagglutinable cell counts 
from fresh normal transfused blood of heterologous 
blood group, graphic methods have been presented 
by which, with appropriate assumptions, the fol- 
lowing can be estimated in the human subject: (a) 
The rate of random destruction of transfused 
erythrocytes; (b) the rate of numerical release of 
erythrocytes to the circulation of the subject dur- 
ing an apparently normal steady state; (c) the 
rate of cell release in the subject during a steady 
state in which release of cells attains an equilibrium 
with a constant process of random destruction 
plus loss by normal aging; (d) the rate of cell 
release in a subject from the inception of a random 
destructive mechanism until a steady state is at- 
tained ; (e) the rate of cell release in a subject dur- 
ing recovery from a period of random destruction 
of cells. 

An explanation is offered for the constantly 
low erythrocyte counts observed in some cases of 
hemolytic anemia. 
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Anemia in patients with malignant disease is 
currently ascribed (2) to blood loss, nutritional 
disturbances, metastases to the bone marrow, and, 
rarely, to failure of elaboration of the intrinsic fac- 
tor of Castle. Slowly evidence is accumulating 
that a hemolytic mechanism also may be operable 
in many instances. In 1907, Weil (3) reported 
extensive experiments in which extracts of nor- 
mal kidneys and livers of dogs produced slight 
and somewhat variable hemolysis of dogs’ erythro- 
cytes in vitro, but extracts of sarcomas and carci- 
nomas were much more potent in their destruction 
of red blood cells. He also noted that extracts of 
necrotic portions of tumors were much more hemo- 
lytic than undegenerated tissues. Dogs’ kidneys 
were exposed extraperitoneally, their pedicles li- 
gated, and the organs replaced in the body. The 
resulting necrotic kidneys were recovered subse- 
quently and extracts from them proved to be many 
times more hemolytic against dogs’ erythrocytes 
in vitro than extracts of nomal dogs’ kidneys. 
Recently Gross (4) demonstrated hemolytic ac- 
tivity when filtrates of mouse mammary carcinoma 
were incubated with normal mouse erythrocytes. 
In a later paper (5) he reported that extracts of 
most human mammary cancer destroyed human 
erythrocytes of homologous blood group when they 
were incubated together for 48 hours at 38° C. 
Carcinoma of the human stomach behaved simi- 
larly. Extracts of normal human breast, muscle, 
and thyroid gland produced no hemolysis under 
similar conditions. Ross, Crockett, and Emerson 


1 Presented in part at the 24th Annual Meeting of the 
Central Society for Clinical Research, November 2, 1951 
(1). 

2 This work was supported in part by the Trust Fund 
of the Department of Internal Medicine and in part by 
the Medical Research and Development Board, Office 
of the Surgeon General, Department of the Army, under 
Contract No. DA-49-007-MD-485. 
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(6) reported a hemolytic mechanism as a large 
part of the cause of the anemia in leukemia and 
malignant lymphoma. 

Clinicians have observed patients with carcinoma 
who did not develop anemia until they were sub- 
jected to roentgen therapy. Indirect evidence (7) 
has accumulated that irradiation can also cause 
a hemolytic anemia. The erythrocyte level in both 
animals and man falls faster after irradiation than 
can be accounted for if complete inhibition of 
erythropoiesis had occurred. Anemia may develop 
coincident with reticulocytosis. The bone marrow 
is known to be hyperplastic in the anemia caused 
by radium poisoning. The excretion of bile pig- 
ment is increased after the administration of large 
doses of P** or total body X irradiation (8). In 
1928, Heilmeyer (9) reported increased bile pig- 
ment excretion following local irradiation of uterin 
tumors in five patients. 

There is little evidence to indicate the effects of 
direct irradiation on the red blood cell (10). 
Fricke and Petersen (11) found that it required 
56,000 roentgens to convert hemoglobin to methe- 
moglobin in 50 per cent aqueous solution. The 
osmotic fragility of erythrocytes is not affected by 
400 milliampere hours of X-rays in vitro, and 
33,000 roentgens are necessary to make the mem- 
branes of red blood cells permeable to magnesium. 
No reports have been found of human transfu- 
sion survival studies with erythrocytes irradiated 
in vitro. 

The purpose of the present study was to in- 
vestigate the mechanism of the anemia and the 
erythropoietic response in patients with carcinoma, 
some untreated and some receiving X irradiation. 


METHODS 


The data in these studies were obtained by application 
of the method described by DeGowin, Sheets, and Hamil- 
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ton of Ashby’s technique of differential agglutination of 
erythrocytes (12). The transfused erythrocytes were 
taken from normal donors. The donor’s cells had previ- 
ously been proved to survive normally in normal recipi- 
ents. All donors belonged to group O and the recipients 
were either group A or O. In one instance group ON 
cells were given to a recipient who was group O MN and 
anti-M serum was used to agglutinate the recipient's 
erythrocytes. Each donor and recipient in a transfusion 
experiment belonged to compatible subtypes in the Rh 
system. Approximately 500 ml. of the donor’s blood were 
collected in 3.2 per cent sodium citrate solution and stored 
at 4° C. for less than 18 hours before transfusion. In 
most instances immediately before transfusion the cells 
were washed once in 0.9 per cent sodium chloride solution 
and resuspended in saline solution. Normal erythrocytes 
manipulated in this manner survive normally in a normal 
recipient. Before transfusion the concentration of donor’s 
erythrocytes was counted and the volume of cell sus- 
pension was accurately measured. 

Our methods of enumerating erythrocyte and inag- 
glutinable cells have been reported and discussed in detail 
previously (12, 13). 

Irradiation. Radium and X-rays were used in the 
treatment of the patients with carcinoma of the cervix 
uteri in the manner generally employed in this hospital. 
A 200-K.V. machine was used for X-ray therapy with a 
Thoraeus filter giving a beam with a half value layer of 2 
mm. of copper. Six portals were employed routinely: two 
lateral portals, an anterior and a posterior portal, and two 
gluteal portals. Two hundred roentgens were given daily 
through each of two portals; consequently the daily dose 
in air was 400 roentgens. The total number of days of 
treatment with this dose was determined by the tumor 
dose desired. The daily X-ray dose in air has been indi- 
cated in the figures because it is more objective than the 
calculated tumor dose and it is not known whether the 
effect observed on an erythrocyte was due to irradiation 
of normal or malignant tissue. Treatments were given 
six days a week. 

Radium was applied to the cervical canal by means of 
the Ernst applicator and left in place for varying lengths 
of time. The usual total dose of radium was 5,000 to 
7,000 mg. hrs., given in one to three periods. The total 
dose and the interval between exposures are indicated on 
the charts for each patient. 

Selection of patients. Patients with carcinoma of the 
cervix uteri were selected who were to receive irradiation 
and who were not losing significant amounts of blood by 
hemorrhage. Patients with other types of malignancy 
were selected because of extensive disease and absence 
of hemorrhage. 


ANALYSIS OF DATA 


The derivation and proof of the analyses em- 
ployed have been presented in the preceding paper 
(14). The experimental data consisted of the in- 
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agglutinable erythrocyte counts of the transfused 
cells and the total cell cowits taken simultaneously. 
The erythrocyte count of the patient at any time t 
was computed by subtracting the inagglutinable 
cell count frora the contemporaneous total cell 
count. The values for the observed inagglutinable 
cell counts and the patient’s cell counts were 
plotted on Cartesian coordinates with cell counts 
on suitably scaled ordinates against time on the 
abscissa. Since fresh normal erythrocytes were 
transfused in all cases, it was assumed that the 
transfused cells had the same potential life span as 
those of the patient and that the observed destruc- 
tive mechanism produced loss of the transfused 
cells at the same rate as those of the patient. 

Demonstration of random loss of cells. The 
N,Q values of the transfused cell counts were cal- 
culated from equation 4 in the preceding report 
(14): 


N.Q = 


when 0<t<T, 


where N = the inagglutinable cell count at time t, 
T = the potential life span of the transfused cells 
in days (usually taken as 120), and t = any time 
between 0 and 120 days after transfusion of the 
biologically tagged cells. When there has been no 
loss of transfused cells by random destruction, the 
N,Q values form a straight horizontal line on the 
graph. Deviation of the curve of N,Q values 
downward from the horizontal indicates random 
loss of cells. 

Measurement of rate of cell release. When ran- 
dom loss of transfused cells was demonstrated, in- 
spection of the patient’s cell counts and considera- 
tion of the results of similar experiments prompted 
the conclusion as to whether the transfusion study 
had been made during the induction phase of ran- 
dom destruction or whether in the steady state 
of random destruction (14). 

In the steady state of random destruction the 
expected level of the patient’s erythrocytes (as- 
suming a normal rate of erythrocyte release to the 
circulation and the same rate of loss for cells of 
both donor and patient) was computed from 
equation 15 (14): 


Zz 
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where R’ is the expected erythrocyte count of the 
patient, R, = normal erythrocyte count (5 mil- 
lions per mm.°), Y = the area under the curve 
made by the N,Q values for the transfused cells, 
and Y + Y’ = the area of the rectangle enclosing 
the curve (see Figure 6 in the preceding paper 
[14]). 

In the induction phase of random destruction the 
expected curve of the patient’s erythrocytes, with 
the same assumptions as in the preceding para- 
graph, was computed from equation 27 (14): 


Rina(t) ’ 


where Ring = the expected count of the patient’s 
cells at time t, t = the time in days after random 
loss began, Z and Z + Z’ = the areas in the graph 
as constructed in Figure 8 of the preceding paper 
(14). 

In either case the observed values for the pa- 
tient’s erythrocyte counts were compared with 
those expected and significant discrepancies were 
interpreted as acceleration or deceleration of the 
numerical rate of erythrocyte release to the cir- 
culation of the patient, briefly referred to as rate 
of cell release. This relationship is measurable by 
the method of transfusion survival. Whether the 
rate of cell release is equal to the rate of erythro- 
genesis is not directly determinable by the methods 
employed in these studies. 


HEMOLYSIS INDUCED BY IRRADIATION 


Transfusion Survival of Erythrocytes Irradiated 
in Vitro 

Blood was collected from donors whose cells 
in previous transfusion experiments had been 
shown to have normal survival in other recipients. 
The erythrocytes from this blood were irradiated 
and then transfused to normal subjects and their 
rate of loss measured. Two such experiments 
were made. 

Irradiation in vitro with 1000 r. Five hundred 
ml. of blood was collected in 3.2 per cent sodium 
citrate solution from a normal donor, belonging 
to group O Rh, +, and stored for 12 hours at 4° 
C. It was then placed in a sterile glass jar, 15 cm. 
in diameter, and irradiated through sterile brown 
paper with a 200-K.V. X-ray machine, using 
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0.2-mm. copper and 0.5-mm. aluminum filters at 
a distance of 30cm. The exposure was 11.1 min- 
utes, making a total dose of 1000 roentgens. After 
irradiation the plasma removed and the: 
erythrocytes were washed once in cold 0.9 per cent 
sodium chloride solution. The cells were resus- 
pended in saline solution and infused into the vein 
of the recipient by gravity, without clinical reac- 
tion. The recipient, Nor. (Case 1), was a 41-year- 
old woman, belonging to group A Rh, +, who had 
previously been treated for thyrotoxicosis with 
radioiodine and was presently euthyroid. 

The data from this experiment are plotted in 
Figure 1A. The N,Q values for the inagglutinable 
cell counts formed a horizontal line, indicating nor- 
mal survival and no random loss. 

Irradiation in vitro with 2000 r. Blood from 
another normal donor, O Rh, +, was similarly 
collected and stored for 18 hours at 4° C. before 
transfusion. The blood was irradiated as in the 
previous experiment, except that the exposure was 
in two periods of 11.1 minutes each, separated by 
an interval of five minutes, giving a total of 2,000 
roentgens. The cell suspension was transfused 
to the recipient by gravity without reaction. The 
recipient, Huf. (Case 2), belonged to group A 
Rh, +. He was a 25-year-old man who had pre- 
viously been treated with radioiodine for thyro- 
toxicosis and was euthyroid. 

The results of this study are plotted in Figure 
1B, where it may be seen that the N,Q values of 
the inagglutinable cell counts form a horizontal 
line, indicating normal survival and no random 
loss of cells. 

So far as we are aware, these are the only stud- 
ies of transfusion survival of erythrocytes sub- 
jected to measured amounts of X-rays. No evi- 
dence was obtained to indicate that the erythro- 
cytes had been damaged by the procedures. Ad- 
mittedly the method is crude for calculating the 
dose of irradiation an erythrocyte receives in cir- 
culating through the tissues of a patient undergoing 
X-ray treatment with cervical carcinoma. It 
seems conservative to estimate that any one red 
cell would not receive more than 1,000 roentgens, 

and certainly not 2,000 roentgens. More exten- 
sive work on the effect of in vitro irradiation of 
dog erythrocytes has been reported by Swisher 
and Furth (15). 
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RANDOM ERYTHROCYTE DESTRUCTION IN PATIENTS WITH CARCINOMA OF THE CERVIX 
UTERI AFTER IRRADIATION WITH X-RAYS AND RADIUM 


The data are plotted on Cartesian coordinates. In each chart the upper scale deals with 
erythrocyte counts of the subject; the lower scale pertains to inagglutinable cell counts of the 
transfused blood. In the lower sections the solid circles represent observed values for inagglutin- 
able cell counts, whereas the open circles are the corresponding N,Q values. The N,Q values 
are so calculated that they form a horizontal line if there has been no random destruction of cells. 
Curves formed by N.Q values which deviate from the horizontal indicate random destruction. 
In the upper sections the solid circles are values for the observed erythrocyte counts of the 
patient. The open circles, connected with broken lines, form curves calculated for the ex- 
pected values of the erythrocyte counts of the subject, provided that erythrocyte release proceeds 
at a normal rate, and that the erythrocytes of the subjects are destroyed in the same manner as 
the biologically tagged cells. Significant discrepancies between these curves and the observed 
cell counts of the subject indicate increased or decreased rates of cell release. 

Charts 1A and 1B present control studies in which normal fresh blood was exposed in vitro 
to 1,000 and 2,000 roentgens of X-rays and was then transfused to normal subjects. The trans- 
fused cells survived normally. The study in Chart 1C shows the transfused cells surviving nor- 
mally until about 24 days after the beginning of X-ray therapy when random loss commenced. 
The erythrocyte counts of the subject decreased, but still exceeded the expected values and 
hence, it is concluded that the rate of cell release increased. 


Fic. 1. 


epidermoid carcinoma of the cervix. She was transfused 
with fresh normal erythrocytes of group O Rho + which 
had been washed once in 0.9 per cent sodium chloride 


Irradiation of Patients with Carcinoma of the 
Cervix Uteri 


solution. 


Four women with carcinoma of the cervix uteri 
were transfused with fresh normal erythrocytes 
and then treated with X-rays and radium at various 
intervals after transfusion. 


Case 3 (Bid.), group A Rho+, 70 years old, was ad- 
mitted with a bloody vaginal discharge of five weeks’ 
duration. The clinical classification of the tumor was 
Schmitz I, League I. Biopsy showed a well differentiated 


The cell suspension of 360 ml. was adminis- 
tered by gravity in 35 minutes without clinical reaction. 


The graph in Figure 1C contains the data from 
this transfusion study. The transfused erythro- 
cytes survived normally for about 24 days. Seven 
days after inception of X-ray therapy random loss 
of the tagged cells, irrespective of their age, could 
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be noted, and continued until the end of the study. 
The expected values for the subject’s cell counts, 
assuming that the rate of cell release was normal 
and the subject’s cells were destroyed randomly 
at the same rate as the transfused cells, are shown 
to be less than the observed cell counts. The con- 
clusion is reached that the rate of release of eryth- 
rocytes to the circulation was greater than normal 
to compensate for the increased loss of cells. 

The second patient had a constant level of 
erythrocyte counts before therapy with X rays and 
radium. 

Case 4 (Hol.), group O MN Rh. +, 65 years old, had 
a bloody vaginal discharge for seven months. The clini- 
cal classification of the tumor was Schmitz III, League II. 


The biopsy revealed squamous cell carcinoma of the cer- 
vix uteri. The patient was transfused with fresh normal 
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The construction and interpretation of the charts is similar to that in Figure 1. 
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blood of group O N Rho +. The blood was collected from 
the donor in 3.2 per cent sodium citrate solution making 
a volume of 579 ml. It was transfused to the patient 
without clinical reaction. 


The data from this study, presented in Figure 2A, 
indicate that the transfused cells survived nor- 
mally until about 10 days after the beginning of 
X-ray therapy. Subsequently there was evidence 
of random loss of the donor’s erythrocytes. Com- 
parison of the expected erythrocyte counts of the 
subject with those observed led to the conclusion 
that the rate of cell release slightly exceeded the 
normal from the 24th to the 60th day after trans- 
fusion and thereafter there was rapid acceleration. 
The acceleration occurred between 12 and 20 days 
after cessation of therapy. 


In 2A and 2B 


the data indicate that an induction phase of random destruction occurred during X-ray therapy. 
In both cases during X-ray therapy the erythrocyte counts of the subject decreased, but not at 


the rate to be expected with a normal cell release rate. 


It was concluded, therefore, that the 


rate of cell release was increased as a response to the accelerated destruction of cells. 
In chart 2C there was random destruction of transfused erythrocytes before irradiation was 
begun. Since the patient’s mean erythrocyte count was about 4.5 millions per mm.’, it was in- 


ferred that the experiment was conducted during a steady state of random destruction. 


The ex- 


pected erythrocyte level of the patient was calculated as 0.67 million per mm.’ These data indi- 


cate a rate of cell release of almost seven times the normal. 
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The third patient had a normal erythrocyte level 
before therapy with X rays and radium. 


Case 5 (Moe.), group A Rh. +, 30 years old, had had 
vaginal bleeding for six months. The tumor was classi- 
fied clinically as Schmitz IV, League IV, and biopsy 
showed a highly undifferentiated adenocarcinoma of the 
cervix uteri. The patient was transfused in 27 minutes 
with 355 ml. of a suspension of erythrocytes belonging to 
group O Rho+. The blood had been collected in 3.2 per 
cent sodium citrate solution, the cells separated from the 
plasma by centrifugation and then washed once in 0.9 per 
cent sodium chloride solution. On the 38th day after 
transfusion both the direct and indirect Coombs’ tests were 
negative. X-ray therapy was begun the day after trans- 
fusion. 


The graphs in Figure 2B show that random de- 
struction of the transfused erythrocytes began 
about 10 days after inception of X-ray therapy. 
There was only a slight decrease in the cell counts 
of the subject although the expected values, com- 
puted for normal rate of cell release and loss at the 
same rate as the transfused cells, dropped precipi- 
tously. This calculation is based on the assump- 
tion that the random loss of cells was caused by the 
X-rays, but the period of observation before therapy 
was too brief and the random loss of transfused 
cells could be attributed to a hemolytic mechanism 
acting in a patient in a steady state of random 
destruction. 

The fourth patient, likewise, exhibited con- 
sistently normal erythrocyte counts before therapy 
was begun. 


Case 6 (Col.), group A Rho+, 32 years old, had a 
history of vaginal discharge and moderate intermittent 
bleeding. The tumor was classified as Schmitz III, 
League III. The biopsy showed a poorly differentiated 
adenocarcinoma of the cervix uteri. Blood was collected 
from a normal donor of group O Rh. + and stored for 
12 hours at 4° C. in 3.2 per cent sodium citrate solution. 
The cells were separated from the plasma, washed once 
in cold 0.9 per cent sodium chloride solution, and trans- 
fused in 20 minutes. 


The data, graphed in Figure 2C, show that random 
destruction of transfused cells began before the in- 
ception of X-ray therapy. Therefore, it was as- 
sumed that the patient was in a steady state of 
random destruction and her expected erythrocyte 
level was computed on that hypothesis. Compari- 
son of the observed cell level with that expected 
leads to the conclusion that the rate of cell release 
was about seven times the normal. 
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SPONTANEOUS HEMOLYSIS IN MALIGNANCIES 


The finding of random destruction of normal 
erythrocytes before X-ray therapy in the patient 
represented in Figure 2C prompted study of pa- 
tients with other forms of malignancy not sub- 
jected to irradiation. The total mass of malignant 
tissue in the patients with carcinoma of the cervix 
uteri was estimated to be small as compared with 
the patients selected for this phase of the study 
with widespread metastases and anemia. 

Carcinoma of the breast. A patient with this 
condition was studied in whom there was wide- 
spread metastases and a slight anemia. 


Case 7 (Wal.), group A Rho +, a woman of 45 years, 
had had a radical mastectomy on the right side for car- 
cinoma of the breast. Carcinomatosis, involving the left 
pleural space and most of the bones, had been present for 
about 12 months. The patient was bedfast because of the 
collapse of several cervical vertebrae. Blood studies 
showed: hemoglobin, 12.0 Gm. per 100 ml.; erythrocytes, 
3.95 millions per mm.*; leukocytes, 5400 per mm.*; erythro- 
cyte sedimentation rate (Westergren), 52 mm. in 60 
min.; reticulocytes, 1.8 per cent; platelets, 178,000 per 
mm.* The first transfusion of normal group O Rho + 
erythrocytes was in a volume of 347 ml. The plasma had 
been decanted after storage for 12 hours at 4° C. in ACD 
solution. The injection required 29 minutes and was 
not attended by clinical reaction. During the first study 
the patient received 300 mg. of testosterone propionate per 
week. The second transfusion was administered with 
blood from another norml donor of the same group and 
type as the first. During the subsequent period of study 
only symptomatic therapy was given. 


The data for the two study periods are graphed in 
Figures 3A and 3B. In both there was rapid 
random loss of the transfused erythrocytes at sub- 
stantially similar rates. Since the subject’s eryth- 
rocyte counts remained constant, it was assumed 
that she was in a steady state of random destruc- 
tion. Computation of the expected erythrocyte 
levels of the patient, on the assumption that her 
cells were being destroyed at the same rate as the 
normal erythrocytes, led to the conclusion that the 
rate of cell release was four to six times the normal. 

Adenocarcinoma of the rectum. One example 
of this disorder was the subject of study. 


Case 8 (Mil.), group A Rh.+, a 70-year-old woman, 
had adenocarcinoma of the rectum which involved the 
local nodes and extended onto the sacrum. Eighteen days 
before the study the blood findings were: hemoglobin, 
10.5 Gm. per 100 ml.; erythrocytes, 3.65 millions per 
mm.’; leukocytes, 13,000 per mm.’ of which 62 per cent 
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Fic. 3. RANDOM DESTRUCTION OF ERYTHROCYTES IN PATIENTS WITH MALIGNANT DISEASE 
WITHOUT TREATMENT 


The charts are constructed and interpreted as in the preceding figures. The conditions of 
the experiments were such that all patients were considered in the steady state of random 
destruction. In all there was malignant disease extensively involving the bone marrow. In 
charts 3A and 3B are the data of two successive transfusions of biologically tagged cells from 
different donors to the same subject with carcinoma of the breast and bony metastases. The 
expected levels of the subject’s cell counts were calculatd as 0.60 and 0.95 million per mm.’, 
whereas the observed cell counts were about 4.0 and 4.3 millions. These imply cell production 
rates of 6.6 and 4.5 times the normal. 

The patient represented in chart 3C had carcinoma of the rectum with metastasis to bone. 
The transfused cells underwent random loss. The expected erythrocyte level of the subject was 
estimated to be 1.18 millions per mm.’ During the study the observed cell level decreased to 
that value, at which time death occurred. 
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were segmented neutrophiles, 2 per cent eosinophiles, 32 
per cent lymphocytes, and 4 per cent monocytes. The 
total serum proteins were 7.47 Gm. per 100 ml. of which 
4.23 Gm. were albumin and 3.24 Gm. were globulin. 
Eleven days before the study an exploratory laparotomy 
and colostomy were performed, during which 1,000 ml. 
of blood of homologous group was transfused. For the 
study, the patient was transfused with normal group 
O Rh.+ blood. The blood was collected in 3.2 per cent 
sodium citrate solution, centrifuged, and the cells washed 
once with cold 0.9 per cent sodium chloride solution. A 
saline suspension of cells of 370 ml. was transfused in 45 
minutes without clinical reaction. At no time during the 
study was there evidence of melena. The condition of 
the patient deteriorated and she died on the 38th day after 
transfusion. 

Necropsy revealed adenocarcinoma of the rectum with 
extensive regional and distant metastases. There was 
evidence of terminal infection. The spleen weighed 650 
Gm. and contained areas of necrosis and multiple centers 
of hematopoiesis with clusters of myeloblasts, normoblasts, 
and megaloblasts. Hemosiderin was present in crystals 
and macrophages. There were centers of hematopoiesis 
and hemosiderin collections in the liver. Much of the 
bone marrow was replaced with carcinoma cells, but 
there were many islands of erythroid and myeloid activity. 


The data for the short study are graphed in Figure 
3C. They show that random destruction of trans- 
fused erythrocytes was present from the beginning 
of the study and the percentage rate continued con- 
stant until the end. The erythrocyte counts of the 
patient diminished, but did not reach a sufficiently 
low level to coincide with the expected values, 
until just before death. Previously the rate of 
cell release was faster than normal. 

Multiple myeloma. Three transfusion studies 
were made on two patients with this disorder. 
The study in the first patient was continued until 
death. 

Case 9 (Ulr.), group AB Rho-negative, a woman of 61 


years, had had backache and weight loss for six months. 
Bence-Jones protein was found in the urine. The blood 


findings were: hemoglobin, 12 Gm. per 100 ml.; erythro- 
cytes, 4.39 millions per mm.’; leukocytes 8,000 per mm.* 
with normal proportions of cells. 
concentrations were normal. 


The serum protein 
Initially the blood urea 
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nitrogen and creatinine were normal but, as the study 
progressed, maxima of 55 mg. of blood urea nitrogen per 
100 ml. and creatinine of 3.0 mg. were attained. The 
values for calcium, phosphorus, and phosphatase of the 
blood were normal. Sternal puncture revealed many 
typical myeloma cells. X-ray films of the bones revealed 
numerous osteolytic lesions in the skull, thorax, lumbar 
spine, and pelvis, with collapse of the second lumbar 
vertebra. The treatment was symptomatic. 

Normal group O Rho-negative blood was collected in 
ACD solution, stored for four hours at 4° C., centrifuged, 
the plasma removed, and the erythrocytes washed once in 
cold 0.9 per cent sodium chloride solution. A saline sus- 
pension of cells of 308 ml. was transfused in 17 minutes 
without reaction. The direct Coombs’ test on her eryth- 
rocytes was negative. The indirect Coombs’ test, using 
her serum and the erythrocytes of the donor, was likewise 
negative. 

Death occurred on the 78th day after transfusion. 
Necropsy showed extensive distribution of myeloma cells 
in the skeletal system. There was hyperplasia of the 
erythroid elements and a relative decrease of the myeloid 
tissue in the bone marrow. The liver and spleen were 
normal. 


The data are graphed in Figure 3D. During the 
entire study there was random destruction of the 
transfused normal cells. With such a rate of cell 
loss the expected erythrocyte counts of the patients 
did not correspond with the observed values until 
the latter had dropped from approximately 4.4 
millions per mm.* to 2.2 millions just before death. 
It is estimated that at the beginning of the study 
the rate of cell release was approximately twice the 
normal. The decrease of the cell counts of the 
patient to the expected level just before death is 
similar to the finding in the patient represented in 
Figure 3C. 

A second patient with multiple myeloma was 
the subject of two transfusion experiments. 

Case 10 (Lyn.), group A Rh. +, a woman of 59 years, 
had back pain for three months. The blood findings were: 
hemoglobin 8.5 Gm. per 100 ml.; erythrocytes, 2.70 mil- 
lions per mm.’; leukocytes, 4,400 per mm.* of which 60 


per cent neutrophiles, 30 per cent lymphocytes, and 10 
per cent monocytes. The concentration of serum proteins 


Data from a patient with multiple myeloma are presented in 3D. The transfused cells were 


lost at random. Before transfusion her erythrocyte count was about 4.0 million per mm." at 
which time a cell release rate of 1.7 times normal was estimated. During the study her condition 
deteriorated and the erythrocyte counts decreased to the expected level just before death. 

Charts 3E and 3F present data on a patient with multiple myeloma during two successive 


transfusions of blood from different donors. 


Both populations of transfused cells showed ran- 


dom loss. In both cases the expected erythrocyte level of the subject, about 1.0 million per mm.’, 
coincided with the observed values so that, even at the low level, the rate of cell release was 


apparently normal. 
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was 11.12 Gm. per 100 ml. of which albumin was 2.54 
Gm. and globulin, 8.54 Gm. The serum calcium was 14.0 
mg. per 100 ml. and the phosphorus 4.4 mg. The blood 
urea nitrogen was 46 mg. per 100 ml. and the creatinine 
2.8 mg. X-ray films revealed multiple osteolytic lesions 
in the skull, spine, pelvis, thorax, and femora. Stains of 
the aspirated sternal bone marrow showed about 27 per 
cent cells typical of multiple myeloma. 

The patient remained in the hospital six months until 
her death. Many determinations of blood urea nitrogen 
were always slightly lower than the initial value. Reticu- 
locyte counts varied from 1.1 per cent to 4.0 per cent. 
She was treated with urethane without response, except 
for the alleviation of pain. In the last month of life co- 
baltous chloride, in doses up to 120 mg. daily, were given 
without change in the hematologic findings. Two trans- 
fusion studies were performed. In both the donors were 
normal persons whose erythrocytes had previously sur- 
vived normally in other recipients. Both belonged to 
group O Rh.+. In one instance blood was collected in 
3.2 sodium citrate solution, centrifuged, the cells washed 
once in 0.9 per cent sodium chloride solution. A cell 
suspension of 340 ml. was transfused in 30 minutes with- 
out clinical reaction. The second transfusion was given 
40 days before death. The blood was similarly pre- 
pared, except that the plasma was decanted and 311 ml. 
of the remaining cells and plasma were transfused in 35 
minutes. Before the second transfusion the direct and in- 
direct Coombs’ tests were negative. The patient was 
transfused with 500 ml. of blood of homologous group 
and type on the 53rd, 60th, 65th, 72nd, 73rd, and 81st days 
of the first study; she received no transfusions during the 
second study. 

At necropsy infiltrations of plasma cells were found in 
the bone marrow and in the submucosa and muscularis of 
the esophagus. The bone marrow was pale and oily and 
was composed primarily of myeloma cells. The spleen 
weighed 250 Gm. and was normal, except for an in- 
creased amount of hemosiderin in the phagocytes. There 
were centers of hematopoieses with myeloid elements, 
normoblasts, and nucleated red cells. The liver was nor- 
mal, except for the presence of hemosiderin in the hepatic 
cells. 


The data from both transfusion studies are pre- 
sented in Figures 3E and 3F. Random loss of 
transfused erythrocytes was demonstrated in both, 
with a faster rate in the second than in the first 
transfusion. The observed values for the patient’s 
erythrocytes are valid for analysis only for the 
first 50 days of the first transfusion study. During 
this period the observed cell level coincided with 
that expected, on the assumption of normal rate of 
cell release and a random loss of both populations 
of cells at similar rates. Despite the extensive re- 
placement of erythroid elements in the bone mar- 
row by myeloma tissue, sufficient erythropoietic 
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tissue must have remained to produce normal-sized 
crops of erythrocytes. Unlike the other patient, 
however, enough bone marrow was not available 
to permit acceleration of erythropoiesis so that a 
steady state of the erythrocyte level could be main- 
tained at approximately normal. The data ob- 
tained during the second study cannot be analyzed 
because of the presence of a relatively high per- 
centage of transfused cells of homologous group. 


DISCUSSION 


In four women with relatively localized carci- 
noma of the cervix uteri, the erythrocyte level was 
approximately normal before they were subjected 
to irradiation in the pelvic region. From the data 
obtained by transfusion of normal erythrocytes, 
it could be deduced that three of the four were in 
a normal steady state of erythrocyte production and 
loss by aging, whereas in the fourth the normal 
erythrocyte level was apparently maintained by an 
accelerated rate of erythrocyte release, despite 
rather rapid loss of cells by random destruction. 
In the three subjects with no initial random loss 
of cells, random destruction of the transfused 
erythrocytes occurred after irradiation with X rays 
for 7 to 10 days. Since in vitro irradiation of nor- 
mal erythrocytes showed normal survival in nor- 
mal recipients, it is inferred that the action of 
X rays was to initiate some hemolytic mechanism, 
either in normal tissue of the patient or in the 
carcinoma cells. These experiments cannot differ- 
entiate between the effects on normal tissue and 
carcinoma because no patients could be found for 
study who received comparable doses of radiation 
without having malignancy. Our methods of 
analysis show that despite the fact that the erythro- 
cyte levels of the patients diminished during X-ray 
therapy, the rate of cell release actually increased 
to compensate partially for the increased loss of 
red cells. There may have been local depression 
of erythropoiesis from irradiation, but apparently, 
adequate erythrogenic tissue was unaffected so 
that partial compensatory acceleration of cell re- 
lease was possible. 

In four patients, selected for study because of 
extensive involvement of the bone marrow by 
malignancy (one carcinoma of the breast, one car- 
cinoma of the rectum, two with multiple myeloma), 
a mechanism was demonstrated which destroyed 


normal transfused erythrocytes at random, and 
presumably acted similarly on the patients’ own 
cells. In three of these the rate of cell release was 
greater than normal, maintaining a normal eryth- 
rocyte level in two and declining cell level in the 
third. In one patient with extreme infiltration of 
the bone marrow with myeloma cells, a steady state 
of oligocythemia was maintained by a normal rate 
of cell release in the face of a random destructive 
mechanism. The fact that the cell release rate was 
not accelerated could be interpreted as evidence of 
a degree of myelophthisic anemia, but the greatest 
contribution to the oligocythemia in this case was 
the random loss of erythrocytes. 

The findings in our studies seem to be in har- 
mony with the report of Vaughan (16) who noted 
an increase in the total quantity of active bone 
marrow and hyperplasia of the hemopoietic ele- 
ments in patients with carcinomatosis and anemia. 
The in vitro studies of other workers (3, 4) have 
clearly shown that carcinomatous tissue extracts 
are hemolytic and furnish a possible explanation 
for the spontaneous random destructive mechanism 
observed in our studies. 


SUMMARY 


Fresh normal erythrocytes, irradiated in vitro 
with 1,000 and 2,000 roentgens, survived normally 
when transfused to normal recipients. 

Three patients with carcinoma of the cervix 
uteri, with normal erythrocyte levels and normal 
rates of cell loss, developed a random destructive 
mechanism for transfused cells from 7 to 10 days 
after X-ray therapy was begun. They developed 
various grades of oligocythemia which were 
ascribed to excessive loss of erythrocytes from 
random destruction, despite actual acceleration of 
the rate of erythrocyte release to the circulation. 
A fourth patient with the same disease was dem- 
onstrated to have a spontaneous random destruc- 
tive mechanism for transfused cells, but she main- 
tained a normal erythrocyte level by accelerated 
rate of cell release. It is concluded that X rays 
act on either normal tissue or carcinoma cells to 
produce a hemolytic factor. 

Four patients, selected for study because of ex- 
tensive involvement of the bone marrow by malig- 
nant disease (one carcinoma of the breast, one 
carcinoma of the rectum, two with multiple mye- 
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loma), exhibited a spontaneous random destruc- 
tive mechanism for transfused cells and, presum- 
ably, for their own erythrocytes. Two had normal 
erythrocyte levels, maintained by accelerated rate 
of cell release. Another had oligocythemia with 
an accelerated rate of cell release. A fourth main- 
tained for many days erythrocyte counts of about 
1.5 millions per mm.* with a calculated normal 
rate of cell release. This patient had the most ex- 
tensive infiltration of the bone marrow and the 
lack of acceleration of the cell release rate is the 
only evidence in these studies for a possible 
myelophthisic factor in anemia. 


CONCLUSIONS 


1. In vitro X radiation of normal human eryth- 
rocytes with 2,000 roentgens, or less, did not af- 
fect their survival when transfused to normal re- 
cipients. 

2. In vivo irradiation of normal and/or car- 
cinomatous tissue initiated a hemolytic mechanism 
in patients with cancer of the cervix uteri. 

3. An abnormal hemolytic mechanism occurred 
spontaneously in some patients with cancer. 

4. The oligocythemia in eight patients with 
cancer was caused by hemolysis. 
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STUDIES WITH INAGGLUTINABLE ERYTHROCYTE COUNTS. 


VI. ACCELERATED DESTRUCTION OF NORMAL ADULT 
ERYTHROCYTES IN PERNICIOUS ANEMIA; CONTRI- 
BUTION OF HEMOLYSIS TO THE 


The method of differential agglutination of 
Ashby has been employed by many workers in at- 
tempting to elucidate the mechanism of the oligo- 
cythemia in pernicious anemia. In 1921, Ashby 
(1) reported the first of these studies. In the 
first paragraph of her paper she stated, ‘Many of 
the older writers inclined to the idea that pernicious 
anemia is fundamentally a failure of erythrogene- 
sis, but in the light of recent investigations it is 
more generally assumed that increased blood de- 
struction is the important cause of the anemia in 
this disease.” From her studies, however, she 
concluded that there was no hemolytic factor in 
the disorder, but it should be recalled that in 1921 
highly specific and potent antisera for reagents 
were not available to her. 

In more recent studies with differential aggluti- 
nation Callender, Loutit, and Jope (2) found that 
the erythrocytes from patients in relapse from 
pernicious anemia, when transfused to normal re- 
cipients, survived only 20 to 60 days. Likewise, 
Singer, King, and Robin (3) reported similar ex- 
periments in which the patient's erythrocytes disap- 
peared from the normal subject’s circulation at 28, 
72, and 75 days. In the reverse experiment, sev- 
eral groups of workers (2, 4-6) have transfused 
normal adult erythrocytes to patients with un- 
treated pernicious anemia and observed normal 
survival times. Inspection of the data, however, 


1 This investigation was supported in part by the Medi- 
cal Research and Development Board, Office of the 
Surgeon General, Department of the Army, under Contract 
No. DA-49-007—M D-485. 

2 Portions of the material in this paper were presented 
before the American Society for Clinical Investigation at 
Atlantic City, May 5, 1952, and the Central Society for 
Clinical Research at Chicago, November 8, 1952. 
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reveals that in some cases the conclusions were 
based on very few inagglutinable cell counts. 
Loutit (2) affirmed this paucity of data in a pub- 
lished discussion of his own studies. 

Acceptance of the conclusions that adult nor- 
mal erythrocytes survived normally in the cir- 
culation of the untreated patient with pernicious 
anemia, together with the curative effect of B,, on 
the disease and the demonstrated influence of B,, 
on the cells of the bone marrow, seem to have 
led to the concept that hemolysis plays but a minor 
role in the oligocythemia of the disorder. 

The purposes of the present studies were (a) to 
ascertain whether patients with untreated perni- 
cious anemia possess a hemolytic mechanism which 
acts upon normal adult erythrocytes, (b) to assess 
the effect of vitamin B,, upon such a mechanism, if 
present, and (c) to measure the rate of release of 
the patient’s erythrocytes to the circulation in un- 
treated pernicious anemia. The experiments con- 
sisted of transfusing normal fresh adult erythro- 
cytes of group O to patients with pernicious anemia 
in relapse, or in various stages of treatment with 
B,,, who belonged to blood groups A or B. The 
transfused cells were measured by the method of 
differential agglutination. In one case the eryth- 
rocytes from a patient with untreated pernicious 
anemia were transfused to a normal subject and 
similar measurements were made. With suitable 
assumptions, the rate of loss of transfused cells 
from the circulation was calculated. With these 
data as points of reference, the erythrocyte counts 
of the subject were employed to estimate the rate 
of release of the subject’s own cells to the circula- 
tion, termed briefly rate of erythrocyte release. 
This rate is not necessarily equal to the rate of nu- 
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merical production of erythrocytes in the bone 
marrow. The present study does not deal with 
the rate of formation of hemoglobin nor any other 
erythrocyte components. 


METHODS 


Patients. All had proven Addisonian pernicious anemia. 
In each instance the diagnosis was made by the history, 
the physical findings, the demonstration of a hyperchromic 
anemia, the characteristic cytologic picture in the bone 
marrow of pernicious anemia in relapse, and achlorhydria 
after stimulation with histamine intramuscularly. In all 
cases the injection of B,, intramuscularly resulted in 
prompt reticulocytosis and subsequent rise of erythrocyte 
counts to the normal range. These phenomena were ac- 
companied by characteristic improvement in the clinical 
picture. Other features of pernicious anemia were usu- 
ally present, such as leukopenia, thrombocytopenia, 
atrophic gastritis, elevated serum bilirubin level, and in- 
creased excretion of urobilinogen in the urine. Observa- 
tions of the patients for many months confirmed the ab- 
sence of neoplasms, sprue, gastrocolic fistulae, diseases of 
the liver, intestinal parasites, chronic hemorrhage, gener- 
alized infections, azotemia, and myxedema. The pertinent 
data are found in Table I. 

Donors. Blood was collected from healthy young men 
of group O and transfused to patients of group A or B 
with compatible subtypes of Rh. Previously blood from 
the donors had been transfused to other recipients and 
normal survival had been demonstrated. 

Transfusions. Approximately 500 ml. of blood was em- 
ployed for each transfusion. The donor’s blood was col- 
lected in 3.2 per cent sodium citrate solution (Na;C,H,O; 
2 H.O) and stored at about 4° C. for less than 18 hours. 
The supernatant plasma was decanted and the cells 
washed once with 0.9 per cent NaCl solution. Counts of 
the donor’s erythrocytes were made and a measured vol- 
ume of blood was prepared and injected by gravity, as 
described previously. During the first 24 hours after 
transfusion frequent samples of the recipient's plasma 
were examined and found to contain no abnormal amounts 
of bilirubin or hemochromogens. 

Erythrocyte counts. After transfusion the donor's cell 
counts were estimated in the recipient’s circulation by a 
modification of the Ashby differential agglutination tech- 
nique previously described and evaluated by us (7, 8). 
The initial inagglutinable cell counts ranged from 405,- 
000 to 974,000 per mm.’ Counts of the total erythrocytes 
in the recipient were made simultaneously with those of 
the inagglutinable cells. At each observation the average 
was taken of six hemacytometer chamber counts; each 
pair of chambers was filled from the contents of a sepa- 

rate pipette. The counts of the recipient’s own cells were 
obtained by subtracting the observed value for the inag- 
glutinable cell count from the contemporaneous total 
erythrocyte count. 
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LOSS OF NORMAL ADULT ERYTHROCYTES TRANS- 
FUSED TO PATIENTS WITH PERNICIOUS 
ANEMIA 


Method of Analysis 


The observed values for the inagglutinable erythrocyte 
counts were employed to calculate NoQ values, which in 
effect added to the observed values the number of cells 
estimated to have been lost by normal aging. The NoQ 
values, therefore, represent counts of cells with infinite po- 
tential life span which are only diminished by random 
destruction. These were calculated using equation 4, de- 
rived and discussed previously (9): 
v=t=T 


No when 


where N.Q =the inagglutinable cell count adjusted to 
compensate for cells lost by normal aging, N =the ob- 
served value for the inagglutinable cell count at time t, 
t= the day after transfusion when the cell count was ob- 
tained, T = the potential life span of the transfused eryth- 
rocytes (assumed to be 120 days in these studies, although 
the assumption of 100 days does not affect the curves sig- 
nificantly). Values for NoQ were plotted on a vertical 
logarithmic scale and time t in days after transfusion 
on a rectangular scale of the abscissa. On such a graph 
N.Q values for cells lost solely by normal aging describe 
a horizontal line with zero slope. Random destruction of 
cells is indicated by a curve diverging downward from 
the horizontal and to the right. If the diverging curve 
is a straight line, the percentage rate of loss is constant 
and the slope indicates the percentage rate of random loss. 
When the diverging curve is curvilinear, the rate of loss 
is accelerating or decelerating, as the case may be. 


Results 


The observed values for the erythrocyte counts 
in these studies are presented in Table II, the quan- 
tities calculated from them are plotted in Figures 1, 
2, and 3. 


Case 1 (Figure 1A), G. Jam., an 83-year-old man was 
admitted to the hospital May 20, 1951 and discharged 
140 days later. Initially he was disoriented. There had 
been no previous antianemic therapy. He belonged to 
group A Rh, positive and was transfused with 500 ml. of 
blood of the same group on the first hospital day. Vita- 
min B,, was given intramuscularly, 15 micrograms daily, 
for 59 days and then on the 66th, 73rd, 80th, 95th, 101st, 
115th, and 122nd day. A transfusion of normal fresh 
group-O erythrocytes was given on the 12th day after 
therapy with B,, was begun. The patient made a com- 
plete clinical recovery and was discharged mentally 
healthy and without other signs of the disease. The N.Q 
values for the donor’s blood fit with reasonable exactness 
a horizontal line, indicating no loss of transfused cells 
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Ranpom Loss oF FRESH NORMAL ERYTHROCYTES TRANSFUSED TO PATIENTS WITH 
PERNIcIOUS ANEMIA TREATED WITH B,, AT VARIOUS TIMES 


Fie. 1. 


The data are plotted on semilogarithmic scales. The open circles are NoQ values calculated 

from the observed inagglutinable cell counts in such a manner as to compensate for the cells 
: lost by normal aging. By this method of calculation and plotting a horizontal straight line is 
formed when there is no random loss of cells. Deviations downward from the horizontal indi- 
cate random destruction. When the deviated curve is a straight line, there is a constant per- 
centage rate of random destruction and the slope of the line indicates the rate. Deviation from 
the straight line toward the horizontal occurs when the rate decelerates, whereas deviation from 
the straight line toward the vertical indicates acceleration. 

In charts 1A and 1B, when injections of B,, were started 12 and 9 days before transfusion, there 
was no loss of cells by random destruction. In chart 1C, when B,, was started 3 days before 
transfusion, there was random loss of the donor’s erythrocytes for the first 15 days; thereafter 
the remaining cells ‘survived normally. Mathematical considerations and facts established in 
the following studies warrant the interpretation that only a few transfused cells were damaged 
and destroyed at random. 

Cells transfused one day before B,, therapy was begun are shown in chart 1D to have been 
lost at random with the constant rate of 0.43 per cent. 
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Fic. 2. RANpom Loss oF FRESH NORMAL ERYTHROCYTES TRANSFUSED TO PATIENTS WITH 
PeRNic1ious ANEMIA TREATED WITH B,, AT VARIOUS TIMES 


The methods of plotting and interpretation are the same as in Figure 1. Cells transfused 4 
days before therapy with B,, are shown in chart 2A to have been lost randomly at a constant 
rate of 1.2 per cent. In chart 2B the erythrocytes in the first transfusion were also injected 4 
days before therapy with B,, was begun and were lost at random with the rate accelerating as 
the cells became older. During the first 40 days of the study the rate of random loss was ap- 
proximately 0.9 per cent and from 60 to 90 days the rate was about 3.3 per cent. The second 
transfusion of cells from the same donor was given 97 days after the first and the donor’s cells 
exhibited a constant random loss of about 0.4 per cent, showing that the destructive mechanism 
in this patient had not been completely abolished by B,, treatment for at least 97 days. 

Cells transfused 5 days before B,, therapy was begun are shown in chart 2C to have been lost 
randomly at a constant rate of 0.2 per cent. 

In chart 2D, the erythrocytes were transfused 65 days before therapy with B,, was begun. 
During the first 60 days of the study the cells were lost at random at a constant rate of 1.4 per 
cent. Thereafter there was sharp acceleration in the rate of random loss, forming a curve com- 
parable to that obtained from the first transfusion in 2B.The similarity in the shape of the two 
curves excludes the probability that the acceleration noted in 2D had any but a coincidental rela- 
tion to the beginning of B,, therapy. 
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from random destruction and supporting the assumption 
that the majority of the cells of the transfused population 
had a potential life span of approximately 120 days. 

Case 2 (Figure 1B), B. Wha., a 53-year-old woman 
was admitted to the hospital with a mental depression 
and anemia. She had been treated for pernicious anemia 
three years before with blood transfusions and injections 
of liver extract. She had received no therapy whatever 
for five months preceding admission. Vitamin B,, was 
given intramuscularly in 15-microgram doses daily for 
17 days and on the 23rd, 30th, 37th, 44th, 51st, 58th, 65th, 
72nd, 80th, and 85th day. There was complete sympto- 
matic and hematologic recovery. The patient belonged to 
group A Rh, positive and received a transfusion of nor- 
mal fresh erythrocytes of group O Rho positive nine days 
after treatment with B,, was begun. The resulting N.Q 
values fit a horizontal line, prompting the conclusion that 
there was no random destruction of the transfused cells 
and that their potential life span was approximately 120 
days. 

Case 3 (Figure 1C), W. Sau., a 63-year-old man was ad- 
mitted to the hospital September 30, 1952 because of 
weakness incapacitating him for work. He had received 
no previous therapy for anemia. Vitamin B,, was given 
intramuscularly in 15-microgram doses daily for 34 days 
and then every 14 days until the end of the study. He 
made a complete clinical and hematologic recovery and 
returned to work. The patient belonged to group A Rho 
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Fic. 3. Errect oF INTERRUPTING B,, THERAPY ON 
Ranpom Loss oF FrEsH NorMAL ERYTHROCYTES TRANS- 
FUSED TO A PATIENT WITH PERNICIOUS ANEMIA 

The methods of plotting and interpretation are the same 
as in Figures 1 and 2. Vitamin B,, was injected intra- 
muscularly in daily doses of 15 micrograms, from 9 days 
before transfusion until 15 days afterward, when treatment 
was discontinued until the 62nd day after transfusion. 
The transfused cells survived normally until about 20 days 
after cessation of therapy when random loss at a constant 
rate of over 0.9 per cent occurred. This loss was main- 
tained despite resumption of B,, therapy. 
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positive and, three days after the inception of B,, 
therapy, he was transfused with normal fresh erythrocytes 
of group O Rh. positive. For the first 15 days after trans- 
fusion the NoQ values described a sloping curve indicating 
random loss of cells. Thereafter to the end of the ex- 
periment they fit a horizontal line, with no indication of 
further random destruction. This curve is explained by 
the fact that only a few of the transfused erythrocytes 
were injured, irrespective of their ages, and were destroyed 
at random. 

Case 4 (Figure 1D), J. Dav., a 75-year-old man was ad- 
mitted June 25, 1949 with an infection of the urinary tract 
and inability to walk because of severe manifestations of 
posterolateral sclerosis of the spinal cord. He had re- 
ceived no antianemic therapy previously. He was given 
15 micrograms of B,, intramuscularly on alternate days 
for a period of 94 days, and experienced considerable 
functional improvement. On discharge he could walk 
with a spastic gait and had recovered control of his 
bladder. He belonged to group A Rh, positive and on the 
first day of B,, therapy he was transfused with fresh nor- 
mal erythrocytes of group O Rho positive. The N.Q 
values for the resulting inagglutinable cell counts fit a 
straight line with a slope which indicates a random loss 
of 0.43 per cent of the remaining cells each day, in ad- 
dition to the loss by aging. The conclusion was drawn 
that a hemolytic mechanism was present which injured 
the adult normal erythrocytes soon after transfusion so 
that they were subsequently lost at random, despite con- 
comitant therapy with B,,. 

Case 5 (Figure 2A), D. Dav., a 77-year-old man was 
admitted April 23, 1949 with anemia and cardiac insufh- 
ciency. There had been no previous antianemic therapy. 
The patient was given 30 injections each of 15 micrograms 
of B,, in the next 80 days on approximately alternate days. 
His blood was found to belong to group A Rho positive 
and, four days before therapy with B,, was begun, he 
was transfused with fresh normal erythrocytes of group 
O Rh. positive. The N.Q values for the resulting inag- 
glutinable cell counts fit a straight line with a slope indi- 
cating random destruction of the transfused erythrocytes 
at a rate of 1.2 per cent per day. Eight months after the 
study he was readmitted to the hospital in cardiac failure 
but there had been no relapse of the pernicious anemia 
under treatment continued at home. 

Case 6 (Figure 2B), E. Nie., a 66-year-old woman was 
admitted January 7, 1950. Pallor had been noticed for 
six years and progressive weakness had finally confined 
her to bed. No therapy had been given for the anemia. 
Soon after admission she was transfused with 1,000 ml. of 
blood of group A Rh, positive, the group to which she be- 
longed. At the beginning of this study she was trans- 
fused with fresh normal erythrocytes of group O Rh. 
positive. Four days later daily injections of 15 micro- 
grams of B,, were begun and continued for 30 days; 
thereafter similar doses were given at weekly intervals. 
Gradual symptomatic improvement was noted and the 
abnormal neurologic signs disappeared in several months. 
Two years later the patient was in good health with con- 
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tinued antianemic therapy and her hematologic findings 
were normal. Ninety-seven days after the first trans- 
fusion of heterologous group a second transfusion of 
erythrocytes from the same donor was given. During 
the first 24 days of the second study weekly injections of 
15 micrograms of B,, were given and thereafter injections 
were given every two weeks. 

The N.Q values from the first tagged transfusion fit 
a curve which indicates random destruction at an ac- 
celerating rate. Those from the second transfusion con- 
sist of only 13 counts which are probably insufficient to 
determine a curve with any accuracy. However, the val- 
ues available fit a straight line with much less slope than 
that characterizing the first transfusion. This is cer- 
tainly evidence that the first curve could not have been 
the result of isosensitization to antigens in the trans- 
fused erythrocytes. 

Case 7 (Figure 2C), M. Pla., a 74-year-old man, was 
admitted January 10, 1950. Sporadically he had received 
injections of liver extract for anemia for several years 
but not for the six months preceding admission. He had 
been confined to bed because of signs of posterolateral 
sclerosis of the spinal cord. He was given B,, intra- 
muscularly in 15-microgram doses for 36 consecutive 
days, then on the 38th, 40th, 42nd, 44th, and 46th day, and 
thereafter at weekly intervals. He showed steady im- 
provement clinically and hematologically. Five days be- 
fore B,. was begun he was transfused with fresh normal 
erythrocytes of group O Rh,» positive (the patient be- 
longed to group A Rh, positive). The NoQ values de- 
rived from the inagglutinable cell counts fit well a 
straight line whose slope indicates a random loss of 0.2 
per cent of the remaining erythrocytes per day, in addi- 
tion to attrition from normal aging. 

Case 8 (Figure 2D), M. Sco., a 75-year-old woman, 
was admitted December 12, 1950. She had received no 
previous therapy for anemia. The patient belonged to 
group A Rh,» positive and she was transfused with fresh 
normal erythrocytes of group O Rho positive. On the 
65th day after transfusion daily injections of 15 micro- 
grams of B,, were begun. She made a complete clinical 
and hematologic recovery. The N.Q values for the inag- 
glutinable cell counts during the first 65 days fit a curve 
indicating a random loss of 1.4 per cent of the remaining 
erythrocytes daily. Thereafter the rate of loss accelerated. 
Although the acceleration coincided with the inception of 
B,, therapy, no causal relation is ascribed since a curve 
of similar form occurred in Figure 2B. 

Case 9 (Figure 3), A. Joy., a 50-year-old woman, was 
admitted April 7, 1951 with weakness which confined her 
to bed. She had previously been known to have schizo- 
phrenia but had received no therapy for anemia. She was 
given 15-microgram doses of B,, for 23 consecutive days, 
therapy was discontinued for the next 48 days, and there- 
after injections were given about every four days during 
the remainder of the first transfusion experiment. She 
made a complete hematologic recovery and regained 
good physical health but the signs of schizophrenia were 
still present 15 months later. 
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Nine days after inception of the first course of By 
therapy she was transfused with fresh normal erythrocytes 
of group O Rho positive (she belonged to group B Rho 
positive). The N.Q values for the inagglutinable cell 
counts show practically no random loss of erythrocytes 
until about 20 days after cessation of therapy when the 
curve suddenly dipped to fit a straight line with a slope 
indicating a random loss of 0.9 per cent erythrocytes per 
day. The rate of loss was not influenced by resumption 
of B,, therapy on the 62nd day after transfusion. 

After termination of the first transfusion experiment 
the patient was treated with frequent injections of B,, for 
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Fic. 4. Ranpom Loss or NormMaLt Aputt EryTHRo- 
CYTES IN PEeRNIcIoUS ANEMIA COMPARED WITH Loss OF 
CELLS FROM PERNICIOUS ANEMIA PATIENT TRANSFUSED 
To NorMAL SUBJECT 


The N.Q values from the two transfusions are plotted 
on semilogarithmic scales. The open circles represent the 
values obtained when the erythrocytes from a patient 
with untreated pernicious anemia were transfused to a 
normal subject. For the first 25 days after transfusion 
the smoothed curve is straight with a slope indicating a 
random loss of 3 per cent of the remaining erythrocytes 
per day. From the 25th to the 44th day apparently there 
was no random loss of cells. Values obtained between 
the 50th and 60th day were too small to be plotted on a 
single cycle logarithmic scale and the inagglutinable cell 
counts had become immeasurable by the 56th day. The 
cause of the plateau is unknown. 

The open crossed circles represent the values obtained 
from the experiment in which normal adult erythrocytes 
were transfused to the patient with pernicious anemia 
referred to above. Both transfusions were performed on 
the same day. The smoothed curve exactly parallels the 
other for 25 days, indicating also a rate of random loss of 
3 per cent of remaining erythrocytes per day. By the 30th 
day there was gradual acceleration of random destruction. 
Values below the scale of the chart indicate that the inag- 
glutinable celi counts became immeasurable by the 55th 
day. 
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several months. When complete hematologic and clini- 
cal recovery had occurred, a second transfusion of blood 
from the same donor was given after a period of 18 
daily injections of 15 micrograms of B,,. Daily doses 
were continued throughout the second study. The inag- 
glutinable cell counts showed no evidence of random loss 
of erythrocytes, excluding the possibility that the first 
transfusion curve could be ascribed to isosensitization to 
antigens in the donor’s erythrocytes. 


Summary 


Normal adult erythrocytes survived normally 
when transfused to two patients with pernicious 
anemia who had been given injections of B,, for 
9 and 12 days, respectively, before the transfused 
cells were exposed to the milieu of the patient 
(Figures 1A and 1B). In five other patients 
(Figures 1D, 2A, 2B, 2C, and 2D) normal adult 
erythrocytes were lost by random destruction when 
B,, therapy was begun respectively 1, 4, 4, 5, and 
65 days after transfusion. In another patient 
(Figure 3) B,, therapy was begun 9 days before 
transfusion and the transfused normal erythro- 
cytes survived normally for approximately 20 days 
after cessation of therapy. Thereafter, however, 


the transfused erythrocytes were lost by random 


destruction. In none of the studies alluded to 
was the random loss of erythrocytes abated by 
subsequent administration of B,,. Finally, a tran- 
sition stage in this series of assays of B,, therapy 
seems to have been observed (Figure 1C) in a pa- 
tient who was treated with B,, for 3 days before 
normal adult erythrocytes were transfused. The 
transfused cells were lost at random for the first 
15 days or so, thereafter normal survival of the 
remainder occurred. This could be interpreted as 
damage to only a few transfused cells, irrespective 
of their age. 

It should be emphasized that the observed rates 
of loss from random destruction were slow, 
ranging from 0.2 per cent to 1.4 per cent of the 
remaining erythrocytes per day. This is a much 
slower rate than has been observed in the case of 
proven hemolysis from isosensitization in trans- 
fusion. Furthermore, in Cases 6 and 9 subsequent 
studies were made after adequate treatment of 
the patients with B,,. Erythrocytes from the same 
donors were retransfused and found to survive 
normally in Case 9 and to be lost randomly at a 
much slower rate than before in Case 6. 
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LOSS IN NORMAL SUBJECT OF ERYTHROCYTES FROM 
PERNICIOUS ANEMIA COMPARED TO LOSS OF 
NORMAL CELLS IN THE PATIENT 


Case 10 (Figure 4), L. Ben., a 79-year-old man, was 
admitted to the hospital February 20, 1953. On March 2, 
blood was collected from him (group O MN Rh, posi- 
tive) and the erythrocytes were transfused to a normal 
recipient (group A MN Rh. positive). The patient’s 
cells were subsequently identified in the subject’s circu- 
lation by differential agglutination using anti-A serum. 
The patient was transfused on the same day with fresh 
normal erythrocytes of group O N Rho positive, and the 
differential agglutination on his blood samples was per- 
formed with anti-M serum. Therapy was withheld until 
the 28th post-transfusion day when daily injections of 
30 micrograms of B,, were given until his discharge 53 
days later. At the termination of his hospitalization he 
had improved clinically and hematologically although the 
erythrocyte level had not yet attained the normal value. 

When the N.Q values resulting from the two trans- 
fusions were plotted on the same graph, the fitted curves 
showed remarkable correspondence in rate of loss for 
the first 25 days. For each the rate of random loss was 
about 3.0 per cent of the remaining erythrocytes per day. 
After the 25th day the rate of loss of the normal erythro- 
cytes in the pernicious anemia patient accelerated rapidly 
and the inagglutinable cells were immeasurable after the 
55th day. In contrast, the rate of random loss of the 
patient’s cells in the normal subject was zero from the 
25th to sometime after the 44th day; but by the 52nd day, 
they too were immeasurable. This suggests that the hemo- 
lytic mechanism acts on normal cells at approximately 
the same rate as it does on the erythrocytes of the patient. 


RANDOM ERYTHROCYTE DESTRUCTION AS A FACTOR 
IN THE OLIGOCYTHEMIA OF PERNICIOUS 
ANEMIA 


Method of analysis 


In a previous paper (10) graphic analyses were derived 
and described in detail by which the expected erythro- 
cyte counts can be computed from the demonstrated rate 
of loss of transfused cells. The expected erythrocyte 
counts can then be compared with the observed values and 
certain conclusions can be made regarding the rate of 
release of the patient’s own erythrocytes to the circu- 
lation. For this purpose only two measurements are re- 
quired: the inagglutinable cell counts and the total eryth- 
rocyte counts over a long period of time, so that smoothed 
curves can be constructed with some validity. 

When the conditions of the experiment indicate that the 
subject is in the steady state of random destruction of 
erythrocytes, the resulting expected level of erythrocyte 
counts can be computed on the assumptions: (a) The rate 
of cell release to the circulation continues to be normal; 
(b) the rate of random destruction of transfused eryth- 
rocytes is the same as that of the subject’s cells; (c) the 
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Fic. 5. PATIENTS WITH UNTREATED PERNICIOUS ANEMIA DEMONSTRATING THE EFFECT OF 
MatTuRATION ARREST ON ERYTHROCYTE LEVELS 


The data are plotted on Cartesian coordinates. On the upper scales are the values for cell 
counts of the patient. The lower scale pertains to data from the inagglutinable cell counts of 
fresh normal transfused blood. 

In the lower section the solid circles are the observed values for the inagglutinable cell counts 
of the donor’s erythrocytes. The open circles in this section represent the corresponding N.Q 
values, calculated from the inagglutinable cell counts to compensate for the loss of cells by nor- 
mal aging. The curves formed by the N.Q values are straight horizontal lines when there is no 
random loss of cells. Deviations from the horizontal indicate random loss. 

The solid circles in the upper section are the observed values for the patient’s erythrocyte 
counts, obtained by subtracting the inagglutinable cell count from the total cell count taken 
simultaneously. The solid horizontal line indicates the observed erythrocyte level of the patient 
during the steady state of random destruction, before B,. therapy. The broken horizontal line 
represents the expected erythrocyte level, estimated for the steady state of random destruction, 
assuming a normal rate of erythropoiesis, and assuming the rate of random destruction to be the 
same as that of the transfused cells. It was previously shown that once the transfused cells are 
damaged in the milieu of the patient with B,, deficiency, their rate of random loss is unaltered by 
subsequent treatment. The open circles, connected by broken lines, are the expected cell counts 
of the patient during the recovery phase of random destruction, assuming a normal rate of cell 
release beginning shortly after inception of B,. therapy, and assuming that the pre-existing crops 
of the patient’s erythrocytes continue to be lost at random as in the steady state of random 
destruction. 

In chart 5A the expected level of the patient’s erythrocytes during the untreated state was esti- 
mated at 3.77 millions per mm.’, as compared with the observed level of 1.00 million. The dis- 
crepancy can be explained as the result of maturation arrest. B,, therapy was started 5 days af- 
ter transfusion. The patient’s erythrocyte counts increased faster than was expected and the 
rate of cell release attained a maximum of twice the normal 25 days after the inception of treatment. 

Therapy with B,, was initiated 9 days before transfusion in the study in 5B. But treatment 
was discontinued 15 days after transfusion, and resumed on the 62nd day after transfusion. 
The expected level of the patient’s erythrocytes before treatment was estimated to be 2.31 millions 
per mm.*, compared with the observed value of 1.70 millions. This is probably a significant 
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potential life spans of cells of both populations are es- 
sentially the same. The N.Q values were plotted on 
Cartesian coordinates according to the construction in 
Figure 6 of the paper (10). Then equation 15 of the same 
paper was employed: 


where R’ =the expected cell count of the subject in the 
steady state of random erythrocyte destruction, Ro = the 
normal cell level of the subject, Y =the area under the 
curve of the N.Q values, Y + Y’=the area of the en- 
closing rectangle in Figure 6 (10). 

After treatment of the patient having pernicious anemia 
with B,, the expected curve of the erythrocyte counts 
during the recovery phase can be computed on the assump- 
tions: (a) The rate of cell release continues to be nor- 
mal; (b) crops of the patient’s cells, formed before 
therapy, continue to be lost at random whereas crops 
formed during B,, therapy survive normally; (c) the 
rate of random destruction of the patient’s cells is the 
same as that of transfused cells corrected for loss by aging; 
(d) the potential life spans of the two cell populations are 
essentially the same. The N.Q values were plotted on 
Cartesian coordinates, as’in Figure 10 (10). The height 


of the rectangle was determined by the value No : , where 


N. is the point at which the N.Q curve intersects the 
vertical axis, a is the expected cell count in the steady 
state of random destruction of erythrocytes and a’ is the 
observed level of erythrocytes at the same time. The 
values Rree for the expected erythrocyte counts during 
the recovery phase were computed from equation 28 (10) : 


W 
Ree = Ro 


where Ro is the normal eythrocyte level, W is the stippled 
area in Figure 10 (10), and W+W’ =the area of the 
enclosing rectangle. 

The expected values R’ and Rree were then compared 
with the observed values for the recipient’s cell counts 
(total erythrocyte count minus contemporaneous inag- 
glutinable cell count) and significant discrepancies were 
interpreted as acceleration or deceleration in the normal 
rate of erythrocyte release to the circulation. 


Results 


Data from 6 of the 10 cases (Table II) were 
available for this part of the study because random 
destruction of normal transfused erythrocytes had 
been demonstrated and the rate of random loss 
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estimated. The evidence obtained from the cross 
transfusion experiment in Case 10 supported the 
assumption ‘hat the erythrocytes of the patient with 
pernicious anemia were destroyed at random at 
least as fast as the normal adult erythrocytes trans- 
fused to the patient with untreated, or inadequately 
treated, pernicious anemia. Since the disappear- 
ance curves of normal erythrocytes, transfused 
before adequate B,, therapy had been given, were 
not altered by subsequent administration of the 
vitamin, it was thought to be a safe assumption that 
the rate of loss from curves obtained during ther- 
apy were at least not less than the rate before 
therapy was begun. Any calculations resulting 
from the use of these disappearance curves would, 
therefore, be on the conservative side when the con- 
tribution of hemolysis to the erythrocyte level was 
estimated. 

Erythrocyte levels attributable partially to 
maturation arrest. The data from two patients 
can be interpreted as demonstrating the effect of 
maturation arrest on the erythrocyte levels. In 
Case 7 (Figure 5A) the observed erythrocyte level 
in the steady state of random destruction of eryth- 
rocytes was approximately 1.00 million per mm.° 
Assuming that the patient’s cells were destroyed 
at the same rate as the transfused erythrocytes, and 
assuming the rate of random destruction deter- 
mined by transfusion obtained also before trans- 
fusion, the expected level of the patient’s cell 
counts was 3.77 millions per mm.’ The discrep- 
ancy between observed and expected levels could 
be attributed to maturation arrest, but the differ- 
ence between the expected and the normal level 
is ascribed to the hemolytic mechanism. Therapy 
with B,, caused a rapid increase in the erythro- 
cyte counts of the patient, which in 25 days of 
treatment doubly exceeded the number expected 
if the hemolytic mechanism had merely been in- 
hibited and the rate of erythrocyte release to the 
circulation had continued normal. This finding 
is ascribed to an actual acceleration of the rate of 
cell release to twice the normal rate. 

The data in Case 9 (Figure 5B) were obtained 


difference and may be attributed to maturation arrest. 
increased up to 1.7 times the normal rate of cell release for the 15 days of therapy after trans- 


The erythrocyte counts of the patient 


fusion. The rate of cell production approximated the normal during 47 days without treatment, 


despite the supervention of random destruction of normal transfused cells. 


This suggests that 


the destructive effect of B,, deficiency occurs at concentrations of the vitamin which permit cells 


still to be produced by the bone marrow. 
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Fic. 6. PATIENTS WITH UNTREATED PERNICIOUS ANEMIA DEMONSTRATING No EFFECT OF 
MATURATION ARREST ON ERYTHROCYTE LEVELS 


The methods of plotting and interpretation are the same as in Figure 5. The bone marrow of 
all patients exhibited the cytologic findings of maturation arrest. The coincidence of observed 
erythrocyte levels and those expected on the assumption of normal erythropoietic rates can be ex- 
plained either on the basis of a sufficient number of cells being produced by overactivity of bone 
marrow of normal mass, or by an increase in the total mass of hypoactive marrow sufficient 
to compensate. 

In chart 6A the observed erythrocyte level of 2.09 millions per mm.’ coincided with that ex- 
pected from a normal rate of cell production and a rate of random destruction similar to that by 
which the transfused cells were lost. Treatment with B,, was begun 4 days after transfusion and 
the rate of cell release accelerated to a maximum of nearly twice the normal. A cell count 
of 5.5 millions was attained about 60 days after the beginning of therapy. 
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from a patient in whom B,, therapy was discon- 
tinued and the transfused cells, originally surviving 
normally, subsequently developed random loss. 
With the same assumptions as previously, the ex- 
pected erythrocyte level in the steady state was 
computed as 2.31 millions per mm.°, compared to 
the observed level of 1.7 millions. This discrep- 
ancy is barely significant, but inclusion of this 
case makes the interpretation conservative. Again, 
the difference between the expected and the nor- 
mal levels represents the effect of a destructive 
mechanism. The rise in the erythrocyte counts of 
the patient exceeded somewhat that expected and 
probably represents some increase in the rate of 
cell release to the circulation. 

Erythrocyte levels attributable entirely to he- 
molysis. The four patients from whom data are 
presented in Figure 6 exhibited observed cell 
counts during the steady state of random erythro- 
cyte destruction which coincided almost exactly 
with those expected when computed from the rates 
of random destruction of the transfused erythro- 
cytes. In three of these cases, also, it is assumed 
that the rate of random loss of transfused cells 


during therapy indicated the condition prior to 


treatment. But in Case 8 (Figure 6D) the curve 
of random cell loss was actually determined for 60 
days before treatment and the same correspondence 
between observed and expected cell levels was ob- 
tained. In none of the four cases was there a dis- 
crepancy which was attributable to maturation 
arrest. 

It is of interest that in Cases 6 (Figure 6A), 5 
(Figure 6B), and 8 (Figure 6D) the rate of 
erythrocyte release to the circulation apparently 
accelerated after the inception of therapy and at- 
tained approximately twice the normal. In the 
six cases studied Case 4 (Figure 6C) was the 
single instance where the rise in the erythrocyte 
counts was exactly that expected on the assump- 
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tion of a normal rate of erythrocyte release to the 
circulation and cessation of the random destructive 
mechanism. It may be of significance that this was 
the only case in the series in which the initial 
erythrocyte counts were as high as 3.5 millions 
per 

Analysis of the other clinical and laboratory 
data (Table I) yields no clue by which to differ- 
entiate between patients in whom there was evi- 
dence of maturation arrest and those in whom 
there was not. The height of the reticulocyte 
counts after therapy with B,, seemed to fall 
within the expected range. The serum bilirubin 
levels showed no correlation. The presence or 
absence of severe disease of the spinal cord was 
not indicative ; nor was age, sex, or duration of the 
disease. The initial erythrocyte level was not 
prognostic of the difference. 


Validity of interpretations 


The methods of indirect mathematical analysis 
which we have employed are, of course, susceptible 
to more than one interpretation. For example, 
we have concluded that maturation arrest in the 
bone marrow did not affect the erythrocyte level 
of the untreated patient when the observed cell 
levels in the steady state of random destruction 
coincided with the level expected on the assump- 
tion of a normal rate of erythrocyte release to the 
circulation. It is possible that there was decreased 
erythrocyte release to the circulation and the rate 
of destruction of the patient’s own cells was less 
than that of normal adult transfused erythrocytes 
whose rate was actually measured. But this seems 
improbable on three counts: (a) In Case 10 the 
erythrocytes from a patient with pernicious ane- 
mia were lost at the same rate in a normal subject 
as were normal adult cells transfused to the pa- 
tient, (b) it is hardly to be expected that erythro- 
cytes formed in a normal donor would be more sus- 


The patient in chart 6B showed an observed cell level of 2.00 millions per mm.’ before treat- 


ment, which coincided with the expected level. 


Treatment was begun 4 days after transfusion 


and the cell release rate attained a maximum of 1.8 times the normal. 


In chart 6C the patient’s observed erythrocyte level was the same as the expected one. 


However, 


after treatment with B,,, the erythrocyte counts increased at the same rate as expected for normal 


rate of cell release. 


It is noteworthy that this is the only petient in the series whose initial sie 


cell count, without treatment, was as high as 3.5 millions per mm.* 
The patient in chart 6D was untreated for 65 days of the study wl the observed cell levels were 
as expected. During the short time after treatment was begun the rate of cell release attained 


double the normal. 


' 
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ceptible to destruction than those formed in a 
milieu of B,, deficiency, (c) it seems highly un- 
likely to encounter four out of six cases in which 
such an equilibrium between an abnormally slow 
rate of erythrocyte release and destruction would 
exactly coincide with the condition expected un- 
der the assumption of a normal rate of cell release. 
The data presented, however, show a possible 
effect of maturation arrest in that there is no evi- 
dence that the rate of erythrocyte release, and pre- 
sumably the rate of cell production, ever accelerated 
during the untreated phase of the disease in re- 
sponse to the stimulus of the oligocythemia. This 
is in decided contrast to the reaction of the hemato- 
poietic system in carcinoma and X radiation (9) 
and in many other types of hemolytic anemia. 
Apparently B,, deficiency precludes this “‘accelera- 
tion response” of the bone marrow beyond per- 
mitting a normal rate of erythrocyte release. 


CONCLUSIONS 


1. Normal adult erythrocytes transfused to eight 
patients with untreated Addisonian pernicious 
anemia were destroyed at random, irrespective of 
their ages. After adequate therapy with B,, two 
of the patients were retransfused with erythrocytes 
from the same donors and the rate of random loss 
was zero in one and much less than previously in 
the other, excluding the possibility of isosensitiza- 
tion to antigens in the donor’s cells as a cause for 
the random destruction. 

2. The erythrocytes from a patient with un- 
treated pernicious anemia were destroyed at ran- 
dom in the circulation of a normal subject at the 
same rate as normal adult erythrocytes transfused 
to the patient. 

3. The action of the hemolytic mechanism caus- 
ing random destruction of normal adult erythro- 
cytes in patients with pernicious anemia was pre- 
vented by the administration of 15 micrograms of 
vitamin B,, daily for 9, but not for 3 days, before 
transfusion. 

4. Once normal adult erythrocytes were dam- 
aged by exposure to the milieu of B,, deficiency 
for only a few hours, subsequent therapy of the 
patient-recipient did not reverse the effect. The 
administration of 15 micrograms of B,, daily for 
23 days to one patient protected normal adult 
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transfused erythrocytes from random destruction 
for only 20 days after cessation of therapy. 

5. The experiments suggest a noxious influence 
of B,, deficiency on normal adult erythrocytes in 
the circulation. 

6. In four of six patients with untreated per- 
nicious anemia the oligocythemia could be entirely 
accounted for by the random destruction of eryth- 
rocytes, as measured by the loss of normal trans- 
fused cells in the circulation. 

7. In two other patients maturation arrest in the 
bone marrow could be ascribed as a factor in the 
oligocythemia. But part of the depressed erythro- 
cyte level could be attributed to abnormally rapid 
destruction of erythrocytes. 

8. Five of six patients responded to vitamin B,, 
therapy by acceleration of the rate of erythrocyte 
release to the circulation at approximately twice 
normal. In contrast, the single patient, with an 
initial erythrocyte count of 3.5 millions per mm.°, 
exhibited only a normal rate of erythrocyte re- 
lease during treatment. 

9. During the untreated state of pernicious ane- 
mia, the milieu of B,, deficiency seems to inhibit 
acceleration of the rate of erythrocyte release above 
the normal in response to oligocythemia. This is 
in contrast to many other types of hemolytic 
anemia. 
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Whether the presence of calcium ions alters the 
rate at which fibrinogen is transformed to fibrin 
has been disputed repeatedly since Hammarsten 
first showed that solutions of thrombin clotted 
fibrinogen in the presence of oxalate salts (1). 
Most recently, Stefanini (2) reported that calcium 
salts inhibited the clotting of fibrinogen by thrombin. 
On the other hand, Seegers and Smith (3), Rosen- 
feld and Janszky (4), and Biggs and Macfarlane 
(5) offered evidence that calcium accelerated the 
conversion of fibrinogen to fibrin by thrombin. 

The problem was reexamined, using prepara- 
tions of plasma and fibrinogen which had been de- 
pleted of cations other than sodium through the 
use of ion exchange resins. Certain cations, in- 
cluding calcium, shortened the clotting time in all 


but the highest concentrations tested. The effects 
described could be demonstrated only when the 
ionic strength of the mixtures was maintained at 
a constant level, so that the action of specific ions 
could be differentiated from the influence of the 
total ionic strength of the medium. 


METHODS 


Plasma was prepared by centrifuging human blood for 
10 minutes at 10,500 rpm. in a Sorvall SS-1 centrifuge 
(rim diameter 9 inches) at — 5° C., using lusteroid centri- 
fuge tubes coated with desicote (Beckman). The blood 
was drawn through a No. 18 needle, coated with tri 
(2-hydroxyethyl) dodecyl ammonium chloride,? into a 
silicone-coated syringe. The supernatant plasma, ob- 
tained without the use of an anticoagulant, was shaken 
for 10 minutes with one-third its volume of Amberlite 
resin, IRC 50, which was in the sodium phase at pH 7.7. 
The resin was removed by centrifugation at room tem- 
perature for 10 minutes at 2,500 rpm in an International 
centrifuge, Model SBV, Size 1. Such plasma, which was 


1 This study was supported by a research grant (P.H.S. 
No. G3619) from the National Institutes of Health of 
the U. S. Public Health Service. 

2 Armour Needle Coating Solution was obtained through 
the courtesy of the Armour Laboratories, Chicago. 


depleted of cations other than sodium, did not clot spon- 
taneously at room temperature. 

Human fibrinogen was prepared by a modification of 
Holmberg’s method (6) described earlier (7), and was 
dissolved just before use in 0.10 M sodium chloride solu- 
tion. In different preparations, between 60 and 93 per 
cent of the protein was coagulable. Bovine fibrinogen,’ 
prepared by the method of Ware, Guest, and Seegers (8), 
was dissolved in 0.15 M sodium chloride solution and 
sufficient distilled water to make the concentration of 
sodium chloride approximately isotonic. The dried bo- 
vine fibrinogen contained 0.9 Gm. of sodium chloride for 
each 3.1 Gm. of protein. A portion weighing 100 mg. was 
dissolved in 2.6 ml. of water and 17.4 ml. of 0.15 M sodium 
chloride solution, and was then filtered through Whatman 
No. 1. filter paper before use. The concentration of 
coagulable protein in solution averaged 300 mg. per 100 
ml., but the concentration varied by as much as 50 mg. 
from preparation to preparation. In any given experi- 
ment, the same solution of fibrinogen was used throughout. 

The chloride salts of various cations were dissolved in 
distilled water in a concentration of ionic strength 0.3, 
and diluted serially with water or with sodium chloride 
solution, as indicated.* 

Commercial bovine thrombin ® was dissolved in 0.15 M 
sodium chloride in a concentration of 1,000 National In- 
stitutes of Health (N.I.H.) units (3) per ml., and stored 
at — 20° C. until used. 

The solutions of fibrinogen, thrombin, and sodium 
chloride were treated with the amberlite resin in the 
same manner as the plasma. 

The clotting time of mixtures of plasma or fibrinogen, 
thrombin, and the salt to be tested was measured at 37° C. 
in pyrex tubes with an internal diameter of 8 mm. The 
time when the contents of the tube jelled was recorded as 
the end point. 

The concentration of fibrinogen was determined by a 
method described previously, in which fibrinogen is con- 
verted to fibrin by thrombin, and the tyrosine-like activity 
of the fibrin is then determined colorimetrically, using 


3 Bovine fibrinogen was obtained through the courtesy 
of Dr. Walter Seegers, Detroit. 

*To calculate the ionic strength of a solution of elec- 
trolytes, the molar concentration of each ion is multiplied 
by the square of its valence and the sum of the products 
thus obtained is then divided by two. 

5 Bovine thrombin was obtained through the courtesy of 
Parke, Davis and Company, Detroit. 
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TABLE I 


The effect of calctum on the coagulation of 
human plasma by thrombin * 


Clotting time (sec.) 


Total ionic strength... . .0.10 0.125 0.15 0.175 0.225 
Final 
concentration 
of calcium ions 
mM /liter 
0 32 32 K 33 
0.25 19 23 23 25 26 
4 0.50 16 20 20 22 23 
1.0 14 15 16 af 20 
2A 12 14 13 14 17 
4.1 9 10 10 12 16 
8.2 6 8 9 10 15 
16.5 7 7 8 9 12 
33.3 9 10 13 


* Clotting time of mixtures of 0.2 ml. each of human 
amberlite-treated plasma, bovine thrombin (10 N.I.H. 
units per ml.) and calcium chloride. The ionic strengths 
were adjusted by the addition of appropriate amounts of 
sodium chloride to the solutions of thrombin and calcium. 


the Folin-Ciocalteau reagent (9). In this method, the 
reagents are mixed in a tube containing crushed glass. 
The tube is agitated during clotting so that the fibrin 
which forms adheres to the crushed glass. This permits 
separation of the fibrin by simple centrifugation, with 
the result that washing of the clot is greatly facilitated. 
The amount of calcium bound to fibrin was measured 
by studying clots formed from human fibrinogen and bo- 
vine thrombin in the presence of calcium chloride labelled & 
with Ca®. In one such experiment (in quadruplicate) a 
volume of 3 ml. of fibrinogen solution containing approxi- 
mately 1.9 mg. of coagulable protein was mixed with 1 ml. 
of labelled calcium-chloride solution and 1 ml. of 
bovine thrombin solution (200 N.I.H. units per ml.). 
The final concentration of CaCl, was 0.016 M; total 
radioactivity in the 5 ml. mixture was 0.luc. The 


6Ca* was obtained from the Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 


EFFECT OF CATIONS ON CLOTTING OF FIBRINOGEN BY THROMBIN 


TABLE II 
The effect of bivalent and trivalent cations on the coagulation of human plasma by thrombin t 
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reagents were mixed in graduated centrifuge tubes each 
containing approximately 0.2 ml. of crushed pyrex glass 
(60 to 100 mesh) as measured by the displacement of 
fluid. The tubes were swirled during the clotting process 
so that the fibrin which formed adhered to the ground 
glass. The tubes were then centrifuged for 3 minutes 
at 2,000 rpm. and the supernatant fluid was decanted. 
The fibrin clot was then stirred thoroughly with 5 ml. of 
0.15 M sodium chloride solution and _ recentrifuged. 
This process was carried out for a total of ten times for 
one pair of tubes and twenty times for the other. 
Finally, the protein precipitate was dissolved in 1 ml. of 
2.5 N NaOH on the water bath, the solution neutralized 
to phenol red with 1.0 N HCI and made up to 5 ml. with 
water. 

Suitable aliquots were taken of the original supernatant, 
the subsequent washes, and the final protein solution in 
order to determine the calcium content by measurement 
of radioactivity. A 1 ml. aliquot of the dissolved residue 
was also taken for determination of protein as described 
above. The aliquots for radioactivity were evaporated to 
dryness under an infra red lamp in 1 inch dishes and Ca“ 
activity was determined with a thin mica window Geiger 
tube for the active samples and a windowless gas flow 
counter (Nuclear Measurements Co., Indianapolis) for 
the weak samples. The windowless counter was the more 
sensitive by a factor of 6.5. The self-absorption correction 
was less than 3 per cent in all cases and could be ignored. 
Counts were converted to micrograms of calcium by com- 
parison with values obtained for aliquots of the original 
solutions counted at the same time as the unknown. The 
ratio between calcium and fibrin was calculated on the 
assumption that the molecular weight of fibrin is 550,000, 
a value between the reported estimates of 460,000 (10) 
and 700,000 (6). 


RESULTS 


The influence of calcium ions on the clotting 
time of mixtures of human plasma and thrombin, 
at varying ionic strengths, is recorded in Table I. 


Final 


concentration Clotting time (sec.) 
of cations 
(M/liter) 0.033 0.016 0.008 0.004 0.002 0.001 0.0005 0.00025 0 
CaCl, 3 6 7 7 9 12 15 18 24 
SrCl, 5 7 8 9 13 16 18 21 
BaCl, 6 6 i 9 12 16 17 20 
MgCl, 7 6 8 10 14 16 19 21 
MnCl, 6 7 8 17 21 
CoCl: 9 9 13 20 22 
HgCl. * * * * * * * 29 
CuCl, * * * * * + * 18 


ml.) and the chloride salts. 
* No clot due to precipitation. 


t Clotting time of mixtures of 0.2 ml. of human amberlite-treated plasma, bovine thrombin (10 N.I.H. units per 
The final ionic strength of the mixture was 0.15. 
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TABLE Ill 


The effect of monovalent cations on the coagulation of 
human plasma by thrombin * 


Final 


concentration Clotting time (sec.) 
of cations 
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TABLE V 
Decrease in calcium content of successive washes * 


Calcium 
in wash 
% total 


Super- Calcium Super- 
natan in wash natan 
No. % total No. 


(M /liter) 0.10 0.05 0.025 0.0125 0.0062 0.0031 0 


NH,Cl 15 17 21 22 25 28 28 
LiCl 22 23 2 26 26 29 
KCl 2% 62S 28 28 29 


* Clotting time of mixtures of 0.2 ml. of human amber- 
lite-treated plasma, bovine thrombin (10 N.I.H. units per 
ml.) and the chloride salts. The final ionic strength of the 
mixture was 0.15. 


At each concentration of calcium tested, the clotting 
time was shorter the lower the total ionic strength. 
When the ionic strength of the final mixture was 
held constant, the clotting time was shortened pro- 
gressively by increasing the concentration of cal- 
cium ions, reaching a minimum at a concentration 
of approximately 0.017 M, and lengthening slightly 
at twice this concentration. The same result ob- 
tained when bovine fibrinogen was used instead 
of human plasma. 

The effect of other bivalent ions and of certain 
monovalent and trivalent ions was measured in the 
same way. Representative experiments, at ionic 
strength 0.15, are recorded in Tables II and III. 
Potassium and lithium ions accelerated the clotting 
of plasma slightly at the highest concentrations 
tested, but the clot accelerating effect of ammonium 
ions was appreciable. Mercuric, cupric, cobaltous, 
nickelous, and ferric chlorides accelerated the 
clotting of plasma by thrombin in low concentra- 
tions, but caused precipitation, presumably of pro- 
teins, in higher concentrations. The other bivalent 
cations tested—strontium, barium, magnesium, and 
manganese—were about as effective as calcium 
ions in shortening the clotting time. Again, the 


TABLE IV 


The calcium content of fibrin formed in the 
presence of calcium * 


Final 
concen- 
tration of 


Calcium 
in washed in washed 
No. of clot clot 
calcium washes ue. mg. proteint 


0.016 M 10 16.4 1.94 102 
20 2.9 1.86 19 


Protein 


* Calcium and fibrin content of a mixture of 3 ml. of 
human fibrinogen, 1 ml. of 0.08 M CaCls, and 1 ml. of 
bovine thrombin (200 N.I.H. units per ml.). The solution 
of fibrinogen was 86 per cent coagulable. 

t The assumed molecular weight of fibrin was 550,000. 


6 
5 


6 
7 
8 
9 
10 


3 


* Calcium content of the supernatant fluid of successive 
washes of a clot formed from 1 ml. of 0.08 M CaCl, and 
1.0 ml. of bovine thrombin (200 N.I.H. units per ml.). 


clot accelerating effect of the ions studied was the 
same when bovine fibrinogen was used instead of 
plasma. 

It has been demonstrated that the characteristics 
of the clot which forms when fibrinogen reacts with 
thrombin differ in the presence and absence of 
calcium (11-14). A study was made to determine 
whether appreciable quantities of calcium were 
bound to fibrin when a mixture of fibrinogen and 
radio-calcium was clotted by thrombin, and the 
clot washed repeatedly with sodium chloride solu- 
tion (Table IV). 

There was a marked difference between the cal- 
cium/protein molar ratio after twenty washings 
as compared to ten washings. This ratio was found 
to be extremely inconstant from experiment to 
experiment and appeared to be partly a function 
of the initial calcium/protein ratio and of the num- 
ber of washings. Thus in one experiment where 
the initial ratios were 333, 1950 and 12,500 the 
final ratios were 4.6, 26, and 42, respectively. 

The results of typical serial washings as shown 
in Table V are of interest. The first wash re- 
duces the calcium by a whole order of magnitude 
and the second wash by half this amount. Washes 
3 to 5 remove rapidly decreasing amounts of cal- 
cium but from the fifth to the tenth wash the 
amount of calcium removed is essentially constant. 


DISCUSSION 


The effect of calcium ions on the clotting time 
of mixtures of fibrinogen or plasma and thrombin 
has been studied repeatedly, with conflicting re- 
sults. It is probable that the confusion has arisen 
from a failure to control the ionic strength of the 
reaction mixture. The substitution of calcium ions 
for sodium ions appeared to shorten the clotting 


Onn 1 100 0.43 
2 6 0.15 
3 1 0.07 ¢ 
4 0 0.13 
5 OE 0.14 
: 


time of mixtures of plasma or fibrinogen and 
thrombin. Other bivalent ions were also effective 
unless precipitation of protein occurred. When po- 
tassium, lithium, or ammonium ions were ‘sub- 
stituted for sodium, the clotting time was shortened, 
but to a lesser extent than with equimolar con- 
centrations of bivalent ions. 

The mechanism by which bivalent ions exerted 
their effect is not understood. Previously, it was 
shown that the concentration of calcium did not 
affect the amount of fibrin which resulted from 
the reaction of fibrinogen and thrombin (7). 
During the last few years, experiments by Robbins 
(11), Laki and Lorand (13) and others have dem- 
onstrated that the solubility of fibrin formed in the 
presence of calcium is different from that formed 
in its absence. Fibrin formed in the absence of 
calcium is soluble in weak hydrochloric acid or 
sodium carbonate and in urea. On the other hand, 
fibrin formed in the presence of calcium is insolu- 
ble in these solutions. Moreover, the tensile 
strength of clots formed in the presence of calcium 
is greater than that of clots formed in the absence 
of this cation (11, 14). 

The nature of the bond between calcium and 
fibrin has been studied by the use of radiocalcium. 
Repeated washings of the calcium-fibrin clot re- 
moved essentially constant amounts of calcium 
each time after the first 5 washings (Table V). 
If one were dealing with a highly insoluble pre- 
cipitate of calcium proteinate, with the calcium 
bound to the protein by polar linkages, this is the 
type of behavior one might expect. The rapid 
decrease in calcium in washings 1 to 5 would 
represent the removal of occluded material and 
the constant values in washings 5 to 10 would be 
determined by the solubility product of the pre- 
cipitate. However, if this were true, a stoichio- 
metric amount of protein should have been re- 
moved in all washes after the fifth, the weight of 
the protein should have decreased, and the cal- 
cium/protein ratio should have remained constant. 
That this was not the case is demonstrated by the 
extreme instance of Table IV which contrasts the 

result of ten and twenty washings. It is seen that 
the protein stays essentially constant whereas cal- 
cium alone is lost and the calcium/protein ratio 
decreases fivefold. 
The most likely conclusion compatible with this 
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finding and the overall inconstancy of results in 
each experiment is that the chief force operative 
in holding calcium to protein is a moderately 
strong adsorptive one. Thus, washings 1 to 5 re- 
move occluded Ca** and washings 5 to 10 remove 
adsorbed ion without removing a corresponding 
amount of protein. In view of these considerations 
it would be extremely difficult to postulate a spe- 
cific calcium-protein compound as the basis for 
clot formation. 

The concentration of diffusible calcium in human 
serum, about 2.5 mEq. per liter, is sufficient to 
accelerate appreciably the clotting time of mixtures 
of plasma and thrombin. This makes it seem likely 
that the effect described occupies an important 
role in the normal process of blood clotting. The 
data which have been presented emphasize once 
again the importance of ionic strength and of ionic 
composition in determining the rate of clotting. 
These factors must be controlled rigidly in any in 
witro study of coagulation. 


SUMMARY 


When ionic strength was maintained constant, 
calcium and certain other cations accelerated the 
conversion of fibrinogen to fibrin by thrombin. 
Studies with labelled calcium indicate that this 
acceleration of clotting is not accompanied by the 
formation of a firm bond between the calcium ions 
and the fibrin clot. 
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THE DETERMINATION OF ALBUMIN IN HUMAN BLOOD PLASMA 
AND SERUM. A METHOD BASED ON THE INTERACTION OF 


ALBUMIN WITH AN ANIONIC DYE-—2-(4-HYDROXY- 
BENZENEAZO) BENZOIC ACID?*:? 


By DAVID D. RUTSTEIN, ESTELLE F. INGENITO, ano WILLIAM E. 
REYNOLDS wit THE TECHNICAL ASSISTANCE OF JEANNE M. BURKE 


(From the Department of Preventive Medicine, Harvard University Medical School, 


Four categories of methods are presently used 
for the quantitative determination of the albumin 
content of serum or plasma in human blood. These 
are: (a) Electrophoresis; (b) immunological pre- 
cipitation with a specific antiserum; (c) spectro- 
photometric measurement of the color reaction be- 
tween albumin and hematin; and (d) fractional 
precipitation with salts or alcohol-buffer mixtures, 
followed by digestion and chemical colorimetry. 

The electrophoretic technique of Tiselius has 
contributed much to knowledge of plasma albumin 
in biologic systems and is fully discussed in re- 
cent review articles by Stern and Reiner (1), 
Luetscher (2) and Gutman (3). However, elec- 
trophoresis has the disadvantages of being cum- 
bersome and slow, requiring relatively large sam- 
ples, expensive equipment, and highly skilled 
technicians. It is not used for routine clinical 
analysis. 

Immunological methods modified from those 
proposed by Goettsch and Kendall (4), employing 
specific horse (5) or rabbit (6) antisera, have been 
recommended for the precise quantitative meas- 
urement of human serum albumin. The prepara- 
tion and absorption of specific antisera of high 
titer is difficult. In this laboratory, immunological 
methods have been exacting and have failed to 
yield consistent results from day to day. 

1 This study was supported in part by grants from the 
Lederle Laboratories Division, American Cyanamid Com- 
pany, and the Proctor Fund, Harvard University Medi- 
cal School. 

2 We are grateful to Dr. Fred Karush of the Children’s 
Hospital of Philadelphia, to Dr. Arnold M. Seligman of 
the Department of Surgery, Harvard University Medical 
School at the Beth Israel Hospital, Boston, and to 
Monomer-Polymer, Inc., Leominster, Massachusetts, for 
providing us with supplies of this dye. The dye is now 
commercially available from the Dajac Laboratories Divi- 
sion of Monomer-Polymer, Inc., Leominster, Massachu- 
setts. 
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The hematin method (7) has certain limitations 
which tend to make it unsatisfactory for general 
laboratory use. The range of concentration is 
small and the slope of the calibration curve is such 
that a relatively large increment in protein con- 
centration is necessary for a measurable change 
in optical density. The authors (7) stated: “Be- 
cause of the narrow spectral band width involved 
in the determination, the photometric measur- 
ing instrument must have better resolution than 
the usual photoelectric colorimeter.” They also 
pointed out, “The possibility of accessory binding 
by alpha globulin must be borne in mind.” 

The usual clinical laboratory methods for the 
determination of albumin in serum or plasma de- 
pend upon preliminary protein fractionation of 
the serum, using 21.5 per cent sodium sulfate in 
the Howe method (8) and 23 per cent sodium 
sulfate in the Kingsley modification of the Howe 
method (9), followed by digestion and chemical 
colorimetry. These salting out methods are not 
accurate, since they have been shown to give chem- 
ical values for albumin 10 per cent to 15 per cent 
higher than corresponding electrophoretic meas- 
urements (10), probably because some of the 
alpha globulins remain in solution (11-13). The 
more recent low temperature methods employing 
methanol-water mixtures with acetate buffers (14) 
or ethanol-water mixtures (13) are impractical 
for general clinical use. 

Serum albumin differs from the other plasma 
proteins in its unusual affinity for numerous or- 
ganic and inorganic dyes and other substances 
(15-21). One such substance is 2-(4’-hydroxy- 
benzeneazo) benzoic acid, 
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hereinafter referred to as HBABA. The use of 
HBABA for the measurement of albumin was first 
suggested by Karush (22), following his obser- 
vation of the spectrophotometric absorption curves 
of solutions of free dye and of dye plus known 
concentrations of bovine albumin. Karush noted 
that this dye has an absorption maximum at 348 
my (except in an alkaline medium) and that there 
is a change in the curve in the region of 470 mp 
when this dye combines with bovine albumin. 
His observations on bovine albumin stimulated our 
investigations into the use of this dye for the meas- 
urement of human serum and plasma albumin. 


SOLUTIONS 


The solutions used in these studies are prepared as 
follows: 


1. Stock dye solution of HBABA (1X 10°M): dis- 
solve 0.120 Gm. of the dye in 500 ml. of 0.01M NaOH. 
The pH of this solution varies between 11.5 and 11.7. 

2. Working dye sclution (1 X 10*M): add to 100 ml. 
of the stock dye solution enough acetate buffer at pH 5 
(23) to give a final pH of 6.2. (This usually requires 
about 14 ml.) The buffered dye is then diluted with 
distilled water up to 1,000 ml. in a volumetric flask to 
a final concentration of 1 X 10*M. 

3. Acetate buffer (0.2 M) at pH 6.2 (23). 

4. Saline diluent: 0.1 per cent sodium chloride in dis- 
tilled water. 

5. Human albumin solutions (0.20 per cent — 0.255 per 
cent): dilute a stock human albumin solution? with 
distilled water. 


VALIDATION OF THE METHOD 


The use of HBABA for the precise measurement of 
serum and plasma albumin is validated through the fol- 
lowing experiments: 


I. Spectrophotometric absorption curve of the free 
dye, HBABA. 

II. Comparison of the absorption curves of the free 
dye, HBABA, and of the dye-albumin complex. 

III. Linear relationship between concentrations of al- 
bumin and the optical density of the dye-albumin 
solution. 

IV. Non-reaction of plasma fractions other than al- 
bumin with HBABA. 


3 The stock human albumin solution used in this study 
was supplied through the courtesy of the University 
Laboratory of Physical Chemistry Related to Medicine 
and Public Health, Harvard University. The purity of 
this solution was 99 per cent, determined electrophoreti- 
cally. Similar solutions are available commercially from 
the Cutter Laboratories, Berkeley, California. 


DAVID D. RUTSTEIN, ESTELLE F. INGENITO, AND WILLIAM E. REYNOLDS 


V. Non-interference of plasma fractions other than 
albumin with the dye-albumin reaction. 

VI. Spectrophotometric determination of albumin in 
normal human serum and the reproducibility of 
the method. 

. Distribution of serum albumin concentrations in 
healthy subjects by the HBABA-spectrophoto- 
metric method. 

. Modification of the spectrophotometric method 
for use in the photoelectric colorimeter (Evelyn). 

. Comparison of the albumin concentration in hu- 
man serum by the spectrophotometric, photocolori- 
metric and electrophoretic methods. 

. Comparison of the albumin concentration in ab- 
normal serum by spectrophotometric, photocolori- 
metric and salting out-biuret methods. 


I, SPECTROPHOTOMETRIC ABSORPTION CURVE OF 
THE FREE DYE, HBABA 


Method: The optical density of solutions of the dye 
(HBABA) against a distilled water blank at pH values 
of 4.1, 5.0, 5.9, 6.2, 6.4, and 7.2 were measured on the 
Beckman spectrophotometer 4 at various wave lengths, 
and a spectrophotometric absorption curve constructed. 
These solutions were prepared by adding to 2.5 ml. of 
the stock dye solution (1 <X 10°M) enough acetate buffer 
at pH 5.0 and 6.2 to reach the desired pH, as measured 
in a Beckman pH meter. The resulting solutions were 
each diluted up to 50 ml. with distilled water, and the 
pH again measured. The final concentration of the dye 
in the test solutions was 5X 10°M. This is the final 
concentration of the dye in all of the spectrophotometric 
experiments herein reported. 


Results: At pH values of 5.0, 5.9, 6.2 and 6.4, 
the curves are nearly identical, the wave length of 
maximum absorption being 350 my in each case 
(Figure 1). At the extreme pH levels of 4.1 and 
7.2, the wave length of maximum absorption re- 
mains at 350 mp, but the curves are different. 
Since this experiment showed no differences in 
the range of hydrogen ion concentration from 5.0 
to 6.4, the convenient pH of 6.2 was arbitrarily 
selected and all subsequent experiments were per- 
formed at this hydrogen ion concentration. 

Conclusion: The free dye, HBABA, in a solu- 
tion of 5 X 10°M in acetate buffer at pH of 5.0 to 
6.4 has a characteristic absorption curve in the 
spectrophotometer, with a maximum at the wave 
length of 350 my. 


4 All the spectrophotometric readings were made in the 
Beckman model DU Quartz Spectrophotometer, using 
10 mm. light path corex cuvettes. Throughout the rest 
of this paper this apparatus will be referred to as the 
spectrophotometer. 
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SPECTROPHOTOMETRIG ABSORPTION CURVES 
OF THE FREE DYE - HBABA(5x10° M) - 
AT VARIOUS pH LEVELS 
(VERSUS WATER BLANK) 


4---6 pH 4.1 
PH 5.0 
pH 5.9 
pH 6.2 
o—--—0 pH 6.4 
pH 7.3 


Sor 


OPTICAL DENSITY 


WAVE LENGTH 
Fic. 1 


II, COMPARISON OF THE ABSORPTION CURVES OF 
THE FREE DYE, HBABA, AND OF THE DYE- 
ALBUMIN COMPLEX 


Method: Two ml. of a 0.24 per cent human albumin 
solution were added to 12.5 ml. of the working dye solu- 
tion and diluted with the saline diluent to a final volume 
of 25 ml. Light transmission and optical density at the 
wave lengths indicated in Figure 2 were measured on 
the spectrophotometer, using a distilled water blank in 
one series and a blank containing dye in the same concen- 
tration as that of the test solution 5 in the second series. 
An absorption curve of the free dye was obtained by the 
method previously outlined. 


Results: When read against a distilled water 
blank, the absorption curve of the dye-albumin 
complex at pH 6.2 differs from that of the free 
dye in the range of 450 my through 535 my (Fig- 
ure 2). In this range the solution containing the 
dye-albumin complex has a greater optical density 
than a solution containing the same concentration 
of free dye (5X 10°M). At any given wave 
length in this range (450 mp — 535myz), the dif- 


5 Hereinafter referred to as the “dye blank.” 
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ference in optical density of Curves 1 (free dye 
vs. H,O blank) and 2 (dye-albumin complex in an 
excess of dye vs. H,O blank) is equivalent to the 
optical density of Curve 3 (dye-albumin complex 
in an excess of free dye vs. the dye blank) (Fig- 
ure 2). 

Conclusion: The spectrophotometric absorption 
curve of the dye-albumin complex differs from the 
absorption curve of the free dye at pH 6.2 in the 
range of 450 mp through 535 my, permitting the 
complex to be measured in the presence of an ex- 
cess of free dye. 


LINEAR RELATIONSHIP BETWEEN CONCENTRA- 
TIONS OF ALBUMIN AND OPTICAL DENSITY 
OF DYE-ALBUMIN SOLUTION 


III, 


Method: Twelve and five-tenths ml. of the working dye 
solution was pipetted into each of a series of 17 test tubes 
of 50 ml. capacity. Human albumin solution (0.2 per 
cent) was added in increasing amounts, followed by 
saline diluent up to a final volume of 25 ml. The albumin 
content (mg. per 25 ml.) of the 17 tubes was as follows: 
0.0, 0.4, 1.0, 1.4, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 10.0, 12.0, 
14.0, 16.0, 18.0, and 20.0. Each solution was read in the 
spectrophotometer at 520 mz against a water blank. 


SPECTROPHOTOMETRIC ABSORPTION CURVES 
OF THE FREE OYE - HBABA (5x 107°M)- 
AND OF THE DYE-ALBUMIN COMPLEX 


AT pH 6.2 
#1 FREE OYE VS. H,0 BLANK 
70h. 
#2 DYE-ALBUMIN COMPLEX IN 
AN EXCESS OF FREE DYE 
VS. BLANK 
#3 OYE-ALBUMIN COMPLEX IN 
4 AN EXCESS OF FREE OYE 
a VS. DYE BLANK 
w 
a 
z 
a 
Or 
300 


WAVE LENGTH 
Fic. 2 
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OPTICAL DENSITY” 
AND 
ALBUMIN CONCENTRATION 


HBABA CONC. (5 
pH — 6.2 


OPTICAL DENSITY 


i 1 1 4 1 1 j 
6 10 12 4 16 20 


MGS. OF ALBUMIN IN 25 MLS. OF TEST SOLUTION 


Im SPECTROPHOTOMETER AT 520mp 
Fic. 3 


Results: The optical densities of the 17 solu- 
tions of increasing albumin concentration varied 
from 0.027 to 0.125 (Figure 3). This graph indi- 
cates a linear relationship between optical density 
and concentration of albumin up to 6.25 mg. per 
25 ml. of final test solution. This experiment was 


repeated with consistent results for any particular 
combination of standard albumin and working dye 
solutions.® 

Conclusion: There is a lincar relationship be- 
tween concentrations of albumin and optical den- 
sity of dye-albumin solution in a range adequate for 
measurement of human serum or plasma albumin. 
This is the range of the “working curve” in all 
subsequent experiments. The stability of this 
curve in this range for any particular combination 
of standard albumin and working dye solutions 
permits its use, as long as the same solutions of 
the reagents are used and if the testing equipment 
is known to have stable characteristics.’ 


IV. NON-REACTION OF PLASMA FRACTIONS ® OTHER 
THAN ALBUMIN WITH HBABA 


Method: The plasma fractions tested were Fraction II 
—gamma globulin (13), Fraction II1I—lipid-bearing beta 


6 Mathematical analysis of these curves shows a slight 
deviation from true linearity, but this is of no practical 
significance. 

7 The longest period of time during which the working 
curve was noted to have remained stable in the course 
of these experiments was five months. 

8 The fraction numbers are those designated by the Uni- 
versity Laboratory of Physical Chemistry Related to Medi- 


TABLE I 
Optical densities of solutions* containing HBABA plus protein fractions other than albumin 


Protein fractions 


Amount Amount 
Fraction calculatedt added 
Gm. Gm. 


number 


Optical densities* 


Control 


12.5 ml. dye + 
saline to 25 ml. 


Test 
12.5 ml. dye + 
fraction + 
saline to 25 ml. 


II 0.003 0.004 


Ill 0.003 0.004 


Il + III 0.006 0.008 


IV-1 0.0014 0.002 


IV-7 0.0004 0.001 


IV-1 + IV-7 0.0018 0.003 


Ill + IV} 0.008 0.008 


0.026 
0.024 


0.028 
0.027 


0.028 
0.027 


0.027 
0.027 


0.025 
0.027 


0.027 
0.027 


0.027 
0.027 


0.027 
0.025 


0.027 
0.027 


0.028 
0.027 


0.025 
0.027 


0.026 
0.026 


0.026 
0.027 


0.028 
0.026 


* Each determination was run in duplicate. 


t Four times the amount of protein fraction present in 0.1 ml. of normal plasma. 


} Impure Fraction III (with Fraction IV). 
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globulins (13), Fraction IV—alpha globulins (13), Frac- 
tion IV-l—alpha-1-lipoprotein (24), and Fraction IV-7— 
beta metal-combining globulins (24). Each fraction was 
tested as indicated in Tale I, being added in an amount 
equivalent to four times its usual concentration in 0.1 ml. 
of normal human plasma. In order to attain this con- 
centration, the appropriate volume of solution containing 
the fraction being tested was added to 12.5 ml. of the 
working dye solution and diluted with saline to a final 
volume of 25 ml. Each solution was read in the spectro- 
photometer at 520 mu against a blank prepared by adding 
the same volume of protein fraction-containing solution 
diluted with saline diluent to a final volume of 25 ml. 
Each analysis was performed in duplicate. For compari- 
son, a solution of the free dye was prepared by diluting 
12.5 ml. of the working dye solution with saline diluent 
up to a final volume of 25 ml. and read in the spectro- 
photometer at 520 mz against a distilled water blank. 


Results: The optical densities, read against a 
distilled water blank, of the free dye and of the free 
dye plus the plasma fraction, all lie within the 
narrow range of 0.025 to 0.027 (Table I). 

Conclusion: Plasma fractions other than albu- 
min, in four times their usual concentration in 
human plasma, do not change the optical density 
of the HBABA solution when read at a wave 
length of 520 mp. 


V. NON-INTERFERENCE OF PLASMA FRACTIONS 
OTHER THAN ALBUMIN WITH THE DYE- 
ALBUMIN REACTION 


Method: This experiment was performed as in Sec- 
tion IV, with the exception that 1.0 ml. of a 0.25 per cent 
human albumin solution was added to each of the test 
solutions, the free dye solution, and their respective blank 
solutions, prior to dilution with saline diluent up to 25 ml. 


Results: The optical density at 520 my of each 
of the test solutions, when read against its cor- 
responding blank solution, was similar to the opti- 
cal density of the solution containing only albumin 
and dye, when compared with its blank solution 
(Table II), all optical densities falling in the range 
of 0.045 to 0.047. 


Fraction I 


It was not possible to perform the experiments in Sec- 
tions IV and V with Fraction I (13) because of its in- 
solubility in the dye solution. However, Fraction I goes 
into solution if 0.2 ml. of normal human serum is added 
to the dye solution before the addition of Fraction I and 


cine and Public Health, Harvard University. We wish 
to express our thanks to that Laboratory for supplying 
the protein fractions used in these experiments. 
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dilution to a final volume of 25 ml. It was therefore pos- 
sible to devise the following experiment to determine 
whether the cptical density at 520 ms, as measured by 
the HBABA-spectrophotometric method, of a specimen 
of human serum was increased by the addition of Fraction 
I in four times its usual concentration in human plasma. 

The control solution was prepared by pipetting 0.2 ml. 
of human blood serum into 0.9 ml. of acetate buffer at 
pH 6.2 and after shaking, 12.5 ml. of working dye solu- 
tion and enough saline diluent were added to bring the 
final volume up to 25 ml. The test solution was pre- 
pared in a similar manner, except that fibrinogen in solu- 
tion was added, prior to the addition of the working dye 
solution and saline diluent, in an amount equivalent to 
four times that usually present in 0.1 ml. of normal plasma. 
Each of these solutions was read in the spectrophotometer 
at 520 mu against its corresponding blank, which contained 
all constituents except the dye solution. The optical 
densities of these two solutions were then compared, as 
follows: 


Fraction I Optical density 
HBABA Test 
Control 
1 10-*M 
Caleu- | aded ( “= | 0.0 mi. buffer + | 0-9 ml. buffer + 
lated* 0.2 ml. serum + 
Gm. 0.2 ml. serum + 
Gm. 12.5 ml. dye+ 
saline to 25 ml. saline to 25 ml. 
0.003 | 0.003 12.5 0.102 0.100 


* Four times the amount of Fraction I present in 0.1 ml. 
of normal plasma. 


The optical density of the test solution containing buffer, 
serum, dye, saline diluent and Fraction I is 0.100, which 
is essentially the same as the optical density of 0.102 of 
the control solution containing all constituents of the test 
solution except Fraction I. 


Trace Components 


The fractions tested included all known serum pro- 
teins, with the exception of a few trace components in 
Fractions IV and V and comprising Fraction VI. The 
unlikely possibility still remained that if any such trace 
components had an unusual affinity for HBABA, inter- 
ference with the dye-albumin reaction might occur. To 
rule this out, an experiment was performed with two 
lots of Stable Plasma Protein Solution, which is plasma 
from which a globulin fraction corresponding roughly 
to Fractions I, II, and III has been removed, and which 
contains the albumin fraction and the trace components 
present in Fractions IV, V, and VI. The albumin con- 
tent of these two lots (determined electrophoretically by 
Sharp and Dohme, Inc., for the University Laboratory of 
Physical Chemistry Related to Medicine and Public 
Health, Harvard University) was 3.7 and 3.5 Gm. per 
cent, as compared with HBABA-spectrophotometric values 
in our laboratory of 3.5 and 3.3 Gm. per cent, respectively. 
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TABLE II 
Optical densities of solutions containing HBABA and albumin plus other protein fractions 


Protein fractions 


Amount 
added 
Gm. 


Amount 


Fraction calculated* 
Gm 


HBABA solution 
(1 X 10-4 M) (3.6 X 10-5 M) 
ml. ml. 


Optical densities 


Control 


12.5 ml. dye + 
1.0 ml. albumin + 
saline to 25 ml. 


Human Test 
albumin 12.5 ml. dye + 
i 1.0 ml. albumin + 
fraction + 


saline to 25 ml. 


0.003 
0.003 
0.006 
0.0014 
0.0004 


0.0018 


II] + IVt 0.008 


0.046 
0.046 
0.046 
0.046 
0.046 
0.046 
0.045 


* Four times the amount of protein fraction present in 0.1 ml. of normal plasma. 


¢t Impure Fraction III (with Fraction IV). 


Conclusion: The presence of plasma fractions 
other than albumin does not interfere with the 
measurement of the dye-albumin complex at 520 
mp. 


VI. SPECTROPHOTOMETRIC DETERMINATION OF AL- 
BUMIN IN NORMAL HUMAN SERUM AND THE 
REPRODUCIBILITY OF THE METHOD 


Method: This experiment was performed on serum 
samples obtained from 26 normal individuals, 19 males 
and 7 females. Specimens were all taken in the morn- 
ing without regard to previous food ingestion. On any 
given day, the number of specimens analyzed in dupli- 
cate varied from 2 to 10. Prior to final spectrophotometric 
reading, the tubes in each batch were labeled and placed 
in random order by someone other than the technician, 
so that the measurements were both “blind and ran- 


WORKING CURVE 
SPECTROPHOTOMETRIC METHOD 


GMS. OF ALBUMIN PER 100 MLS. OF SERUM 
2.50 3.75 5.00 6.25 


OPTICAL OENSITY 


28 2.50 3.75 5.00 6.25 


MGS. OF ALBUMIN IN 25 MLS. OF TEST SOLUTION 


Fic. 4 


dom.” Measurements were performed in duplicate as 
follows: 0.1 ml. of serum from each specimen was added 
to 0.9 ml. of acetate buffer at pH 6.2 and mixed by ro- 
tation. Twelve and five-tenths ml. of the working dye 
solution was then introduced and saline diluent added to 
a final volume of 25 ml. Each tube was stoppered and in- 
verted several times to assure adequate mixing. Optical 
density was read immediately in the spectrophotometer at 
520 mz against a “serum blank,” prepared by placing 0.1 
ml. of the same serum in 0.9 ml. acetate buffer at pH 6.2 
and adding saline diluent to a final volume of 25 ml. The 
amount of albumin present was read from the spectro- 
photometric working curve (Figure 4). 

The spectrophotometric working curve was prepared 
as follows: 12.5 ml. of working dye solution was pipetted 
into each of five test tubes of 50 ml. capacity. Increas- 
ing amounts of a standard human albumin solution 
(0.25 per cent) were added dropwise in amounts of 0.5, 
1.0, 1.5, 2.0, and 2.5 ml. The actual albumin content 
of each tube was, respectively, 1.25, 2.5, 3.75, 5.0, and 
6.25 mg. albumin in 25 ml. of test solution. Saline dilu- 
ent was then added to a final volume of 25 ml. in each 
tube. The tubes were stoppered, inverted several times 
and optical density was read in the spectrophotometer 
at 520 mu against a water blank. The optical densities 
were plotted against the amount of albumin in milligrams 
in the 25 ml. of test solution (Figure 4). This scale was 
specifically selected because the abscissae are numerically 
equivalent in the serum or plasma analyses to the number 
of grams of albumin per 100 ml. of serum or plasma. 
Thus the concentration of albumin in grams per cent of se- 
rum or plasma can be read directly from this figure. 


Results: There is obviously little difference be- 
tween duplicate observations on the same speci- 
men (Table III).° 


®For two of the samples, one of the duplicate solu- 
tions was distinctly cloudy after dilution and gave rela- 
tively high readings (Table III, No. 44.4, and No. 5— 
4.9). Therefore, in the rare instance when the test solu- 
tion remains cloudy after dilution, it should be dis- 
carded and the test repeated. 
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Il 0.004 12.5 1.0 0.047 
III 0.004 12.5 1.0 0.047 
II +I1Il 0.008 12.5 1.0 0.046 
IV-1 0.002 125 1.0 0.047 
IV-7 0.001 12.5 1.0 0.047 
IV-1 + IV-7 | 0.003 12.5 1.0 0.047 
0.008 12:5 1.0 0.045 
000 ij 
- 
.030 — 
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Conclusion: The H'3ABA-spectrophotometric 
method for albumin determination in normal hu- 
man serum is hignly reproducible. 


VII, DISTRIBUTION OF SERUM ALBUMIN CONCEN- 
TRATIONS IN HEALTHY SUBJECTS BY THE 
HBABA-SPECTROPHOTOMETRIC METHOD 


Method: This experiment was performed as indicated 
in Section VI on a series of blood specimens collected in 
the morning without regard to previous food ingestion, 
from normal individuals (23 males and 7 females) with 
an age range of 22 to 45. This series of blood specimens 
includes some of those appearing in Table III, supple- 
mented by specimens from other individuals. When dupli- 
cate measurements were made on a particular blood 
sample, the mean of the observations was used; where 
the concentration of albumin was measured in more than 


TABLE III 


Analyses in duplicate of normal serum albumin by 
HBABA-spectrophotometric method 


Albumin 
content 
Gm./100 ml. Differ- 
serum ence 


Albumin 
content 
Gm./100 ml. Differ- 
serum ence 


Speci- 
men 
number 


Speci- 
men 
number 


1 : 2 14 


co 


0 


15 


16 


17 


18 


19 


20 


21 


22 


23 


CO WR WO COO 


24 


25 


26 


4. 
4, 
4. 
3. 
4. 
3: 
4, 
4. 
4. 
4. 
4. 
4. 
4. 
3 
4. 
4. 
4. 
4 

4. 
4. 
4, 
3, 
4, 
4 


Pr Ph PP PP WW WW WwW Wh 
BOA OCH BO BO AR CO AR Aw COS 


* Test solution cloudy. 
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HBABA-SPECTROPHOTOMETRIC MEASUREMENTS 
OF SERUM ALBUMIN 


(30 NORMAL SUBJECTS) 


MEDIAN 4.0 
MEAN 4.1 
STANDARD DEVIATION 0.4 
STANDARD ERROR OF MEAN 0.1 


Y 


YY 
Y 


3.6 3.6 4.0 4.2 4.4 46 4.8 5.0 
GMS. OF ALBUMIN PER 100 MLS. OF SERUM 


Fo 5 


one specimen from a particular individual, the result indi- 
cated in the table was selected at random. 


Results: The distribution of the serum albumin 
measurements obtained in this total group is indi- 
cated in Figure 5. This distribution of 30 values 
suggests slight skewness. The median value is 
4.0 Gm. per cent; the mean value is 4.1 Gm. per 
cent with a standard error of + 0.1 Gm. per cent, 
and the modal class 3.8—4.0 Gm. per cent. 

Conclusion: The distribution of serum albumin 
concentrations by the HBABA-spectrophotometric 
method in a small sample of normal healthy indi- 
viduals is presented. 

VIII. MODIFICATION OF THE SPECTROPHOTOMETRIC 
METHOD FOR USE IN THE PHOTOELECTRIC 
COLORIMETER (EVELYN )*° 


The spectrophotometric method used in the first 
seven sections of this paper has been modified for 
practical use in the photoelectric colorimeter 
(Evelyn). Although one particular instrument 
was used in these experiments, the method can be 
similarly modified for instruments of other types. 
The validity of this modification is documented by 
comparison of the results obtained in the spectro- 
photometer and the photoelectric colorimeter (Sec- 
tion X). 


10 The solutions used in the photocolorimetric and the 
spectrophotometric methods are the same. 


= 
10 
3 ”Y 
— 
2 
5 
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Method recommended for routine use: To a test tube 
containing 0.9 ml. of acetate buffer, add 0.1 ml. of fresh 
serum or plasma and mix well by rotation. Add 12.5 
ml. of working dye solution and saline diluent to a final 
volume of 15 ml. Prepare a “serum blank” (or “plasma 
blank”) for each sample by adding 0.1 ml. of the same 
serum or plasma to 0.9 ml. of acetate buffer at pH 6.2, 
mix well by rotation and add saline diluent to a final vol- 
ume of 15 ml. The galvanometer reading for each of the 
test solutions is obtained in the Evelyn photoelectric 
colorimeter, using the “520” filter, after setting the gal- 
vanometer reading at 100 with the corresponding serum 
blank. The optical density is obtained from the con- 
version table and the concentration of albumin in the 
serum or plasma is read from the photocolorimetric cali- 
bration curve. 

The calibration curve for the photoelectric colorimeter 
is prepared as follows: Into each of five test tubes of 25 
ml. capacity pipette 12.5 ml. of the working dye solution. 
Human albumin solution (0.25 per cent) is added dropwise 
in amounts of 0.5, 1.0, 1.5, 2.0, and 2.5 ml., respectively. 
The actual albumin content of each tube is, respectively, 
1.25, 2.5, 3.75, 5.0, and 6.25 mg. of albumin in 15 ml. of 
test solution. Saline diluent is then added to a final vol- 
ume of 15 ml. in each tube. The tubes are then stoppered 
and inverted several times, galvanometer readings are 
obtained in the photoelectric colorimeter against a water 
blank, using the “520” filter, and the corresponding optical 
densities are obtained from the conversion table. The 
working curve is then drawn, using the optical density 
as ordinate, plotted against albumin content of test solu- 
tion (mg. per 15 ml.) as abscissa (Figure 6). The con- 
centration of albumin in serum or plasma in grams per 
cent can be read directly from the working curve since, 
as in the case of the spectrophotometric working curve, 


WORKING CURVE 
PHOTOCOLORIMETRIC METHOD 


GMS. OF ALBUMIN PER 100 MLS. OF SERUM 
125 2.50 3.75 $.00 6.25 
T T T 


OPTICAL DENSITY 


1.25 2.50 3.75 $.00 6.25 


MGS. OF ALBUMIN IN 15 MLS. OF TEST SOLUTION 
Fic. 6 


DAVID D. RUTSTEIN, ESTELLE F. INGENITO, AND WILLIAM E. REYNOLDS 


TABLE IV 


Comparative measurement of human serum albumin by 
HBABA-spectrophotometric, HBA BA-photo- 
colorimetric, and electrophoretic methods 


Photo- 
colorimetric 
Gm. alb./ 


Spectro- 
photometric 

alb./ 
100 ml. 100 mi. 


Electrophoretic 
Gm, alb./100 ml. 


6.25* 6.73* 
3.2 


w 


Oe RON O 
DR Onna OF 
I 


Mean value 


* Conversion factor. ve 
t These specimens had been diluted by previous dialysis 
against veronal buffer with resulting low values. 


the abscissa of the photocolorimetric working curve (mg. 
albumin per 15 ml. of test solution) is numerically equiva- 
lent to the concentration of albumin in serum or plasma 
in grams per cent. 


IX. COMPARISON 74 OF THE ALBUMIN CONCENTRA- 
TION IN HUMAN SERUM BY SPECTROPHOTO- 
METRIC, PHOTOCOLORIMETRIC AND 
ELECTROPHORETIC METHODS 


Method: Twelve serum samples from normal individu- 
als were analyzed by the spectrophotometric (Section VI), 
photocolorimetric (Section VIII) and electrophoretic 
methods. Three of these samples (Table IV—Nos. 4, 5, 
and 6) had been diluted by previous dialysis against 
veronal buffer. The spectrophotometric and photocolori- 
metric determinations were each performed in duplicate 
and the tubes and their corresponding blanks were placed 
in random order by someone other than the technician. 
The values given in Table IV for these two methods are 
the means of the duplicate measurements. 

Electrophoresis 12 (25) was performed once on each 
specimen. The albumin calculations were made by multi- 
plying the proportion of the total nitrogen concentration 
represented by the albumin peak (grams per cent) by 
the factor of 6.25, as was done by Dole (26) and by 


11 The data in this section relate only to comparative 
results among the three methods and do not establish 
“normal values” for these methods. 

12 We are indebted for the electrophoretic measure- 
ments to Dr. J. L. Oncley, Dr. Robert Rosenberg, and 
Mrs. Gloria Reed of the University Laboratory of Physi- 
cal Chemistry Related to Medicine and Public Health, 
Harvard University. 


— 
2 
3 
4t 
St 
6t 
7 
8 
9 
10 
11 
: 
-180 
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4 
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6.73, as has been recently recommended for the calcula- 
tion of albumin (27). 


Results: The spectrophotometric and photo- 
colorimetric results on specimens of serum from 12 
healthy individuals are much the same, the small 
differences between the means (0.1 +0.1 Gm. 
per cent) being insignificant (P >0.3). The 
correlation coefficient is + 0.94 (95 per cent confi- 
dence limits: + 0.79 to + 0.98). 

The difference between the mean of the electro- 
phoretic results and the average of the means of 
the results by the other two methods depends on 
whether the conversion factor of 6.25 or 6.73 is 
used, Using the factor of 6.25, the mean value for 
albumin by the electrophoretic method is 3.8 Gm. 
per cent and the difference between this value and 
the average of the means for the other two meth- 
ods (0.1+0.1 Gm. per cent) is insignificant 
(P > 0.3). When the factor of 6.73 is used, the 
mean value for the electrophoretic method rises to 
4.1 Gm. per cent, the difference between it and the 
average of the means by the other two methods 
becomes 0.4 + 0.1 Gm. per cent, and is statistically 
significant (P < 0.01). 

The correlation coefficients for the electropho- 
retic and each of the other two methods are inde- 
pendent of the conversion factors. The correlation 
coefficient for the electrophoretic and the spectro- 
photometric results is + 0.71 (95 per cent confi- 
dence limits: + 0.30 to + 0.92), and that for the 
electrophoretic and photocolorimetric results is 
+ 0.67 (95 per cent confidence limits: + 0.13 to 
+ 0.89). 

Conclusion: The values obtained on the samples 
of normal human serum by the spectrophotometric 
and photocolorimetric methods are in the same 
range. The electrophoretic values are also in the 
same range if a conversion factor of 6.25 is used, 
but are significantly higher when a factor of 6.73 
is used. 


X. COMPARISON OF THE ALBUMIN CONCENTRATION 
IN ABNORMAL SERUM BY SPECTROPHOTOMETRIC, 
PHOTOCOLORIMETRIC AND SALTING OUT- 
BIURET METHODS 


Method: Sixteen serum samples from patients at the 
Massachusetts General Hospital were analyzed. The se- 
rum samples varied in color and clarity, and included 
hemolyzed, icteric, and lipemic specimens. There were 
all combinations of clear and turbid sera, varying in color 
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TABLE V 


Comparative measurement of human serum albumin* by 
HBABA-spectrophotometric, HBABA-photo- 
colorimetric and salting out- 
biuret methods 


Spectro- Photo- 
Biuret photometric colorimetric 
Gm, alb./ Gm. alb./ Gm. alb./ 
Sample 100 ml. 100 mil. 100 mil. 

1 2.0 
2 4.9 3.4 ke 
3 4.6 4.3 4.3 
4 4.0 2.8 a2 
5 4.0 3.6 3.9 
6 5.0 4.1 4.1 
7 4.5 4.3 4.1 
8 4.7 3.9 3.9 
9 4.3 4.2 4.2 
10 4.6 4.2 4.5 
11 2.8 
12 3.3 3.0 
13 3.4 3.0 3.2 
14 4.0 3.4 3.6 
15 4.6 4.1 4.1 
16 4.3 39 4.3 
Mean value 4.2 35 3.6 


* In specimens from 16 hospitalized patients. 


from straw to red. The dilution of the serum (1: 250 in 
the spectrophotometric and 1:150 in the photocolori- 
metric methods) was adequate to clear practically all 
of the serum samples, including the lipemic specimens, 
for the purposes of the HBABA test. When an oc- 
casional lipemic specimen failed to lose its turbidity, clear 
serum was obtained by centrifuging at 3000 rpm. and 
pipetting from below the lipoid layer. The spectrophoto- 
metric and photocolorimetric determinations were per- 
formed in duplicate, and the tubes and their correspond- 
ing blanks were placed in random order by someone 
other than the technician. The spectrophotometric de- 
terminations were performed as in Section VI and the 
photocolorimetric determinations as in Section VIII. The 
salting out-biuret measurements were made by the rou- 
tine method in use at the Massachusetts General Hos- 
pital 18 (28). 

Results: The spectrophotometric and photo- 
colorimetric results on 16 specimens of serum from 
hospitalized patients are much the same (Table 
V), the small difference between the means (0.1 + 
0.1 Gm. per cent) being insignificant (P > 0.3). 
The correlation coefficient is + 0.92 (95 per cent 
confidence limits: + 0.79 to + 0.97). 

In contrast, the difference between the mean of 
the biuret results and the average of the means of 


13 The authors gratefully acknowledge the assistance of 
Miss G. Margaret Rourke, Research Associate, Chem- 
istry Laboratory, Massachusetts General Hospital, and her 
staff, who performed the salting out-biuret analyses. 
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the results by the other two methods ((.6 + 0.1 
Gm. per cent) is highly significant (P < 0.001), 
the results by the salting out-biuret method being 
higher, probably due to the presence of alpha glob- 
ulin (11-13). This difference is a systematic one, 
since there is good correlation between the results 
for any particular specimen on the salting out- 
biuret and the spectrophotomertic and photocolori- 
metric methods, the correlation coefficients being, 
respectively, + 0.85 (95 per cent confidence limits : 
+ 0.62 to + 0.95) and + 0.75 (95 per cent confi- 
dence limits: + 0.40 to + 0.91). 

Conclusion: The values obtained on the same 
samples by the spectrophotometric and photocolori- 
metric methods are in the same range, while the 
biuret values are systematically higher. 


SUMMARY 


The selective anionic binding of an azo dye, 2- 
(4’-hydroxybenzeneazo) benzoic acid (HBABA), 
to human albumin has made possible a new, re- 
liable and relatively simple colorimetric method 
for measurement of serum or plasma albumin in 
the spectrophotometer and the photoelectric color- 
imeter. This method should be useful to the 
clinical investigator and in the hospital clinical 
laboratory. 
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STUDIES IN STEROID METABOLISM. XXII. THE ADRENAL 
RESPONSE TO ACTH IN YOUNG AND OLD MEN’? 
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Recent data based on isolation and quantitation 
of metabolites of adrenal hormones indicated that 
adrenal function was independent of chronologi- 
cal age (1). It was important, therefore, to study 
the capacity of older men to respond to adrenal 
stimulation and to compare the character of this 
response with that of younger men, since a prime 
characteristic of the adrenal gland is the capacity 
for quick and often large scale response. In a 
previous study based on the adrenal response to 
intramuscularly administered ACTH, Solomon 
and Shock (2) concluded that the ability of the 
adrenal cortex to secrete hormones of the 11, 17- 
oxygenated type was not grossly impaired in the 
aged. Pincus (3) was unable to detect a signifi- 
cant difference in adrenal responsiveness to ACTH 
between healthy young men and old men. 

The results obtained in this study, in which the 
individual metabolic products of adrenal cortical 
hormones were separated and identified, confirm 
and extend these general conclusions. 


METHODS 


Four normal male subjects were studied: the ages 
were 31, 32, 63, and 65 years. All lived on a metabolic 
ward during the course of the study, and metabolic bal- 
ance data on these men have been reported (4). The es- 
sential details of the study are as follows: a control pe- 


1 The authors gratefully acknowledge the assistance of 
grants from the American Cancer Society (on recom- 
mendation of the Committee on Growth of the National 
Research Council), the Commonwealth Fund, the Anna 
Fuller Fund, the Lillia Babbitt Hyde Foundation, and the 
National Cancer Institute of the National Institutes of 
Health of the United States Public Health Service. 

2 Konrad Dobriner died March 10, 1952. 

3 So far as we are aware, the interpretation of the data 
and the conclusions drawn are in essential agreement with 
the views held by the late Dr. Dobriner. 

* Research Fellow of the American Cancer Society upon 
recommendation of the Committee on Growth of the 
National Research Council. 
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riod, lasting 15 days was immediately followed by four 
consecutive periods, each of 3 days duration, during which 
100 mg. of ACTH was given intramuscularly daily in 
four divided doses. Two weeks after the end of the 
last ACTH period, another control period lasting 6 days 
was obtained. The urinary steroids were examined 
during these periods by methods detailed in previous re- 
ports (1, 5). All urines were hydrolyzed according to 
Method C, which has been described in detail (1). In 
brief, this method employed acidification of the urine to 
pH 1 and continuous ether extraction for 48 hours. 
This ether extract was washed with alkali and the washes, 
after adjustment to pH 5, were incubated at 37° with beef 
liver 8-glucuronidase for 48 hours. The digest was then 
brought to pH 1 and extracted with ether. A neutral frac- 
tion was obtained from this extract as described. The 
spent urine from the pH 1 extraction, the alkali soluble 
fraction obtained after enzymatic hydrolysis, as well as 
the extracted enzyme hydrolysate were hydrolyzed with 
boiling acid and re-extracted with ether. The extracts ob- 
tained after mild hydrolysis (pH 1, enzyme) were worked 
up separately from those obtained after hot acid hydroly- 
sis. Variable amounts of A®™ etiocholenolone and A*™ 
androstenolone were isolated from vigorously hydrolyzed 
extracts. These amounts are included in the final values 
for the 11-hydroxylated precursor. Non-specific chromo- 
genic material undoubtedly accounts for the discrepancy 
between the values for the sum of isolated 3a and 38 17- 
ketosteroids and the values for the original crude extracts. 
Chromatographic separaiion of water extracts, obtained 
after benzene-water partition according to the method 
of Mason (6), was done in only two subjects, K31 and 
R32. 


RESULTS 
Subject K31 


Subject K31 was a 31 year old negro male. 
Except for residual muscle atrophy in the lower 
extremities resulting from old poliomyelitis, he 
appeared in excellent health. Blood pressure was 
120/70 mm. Hg, height was 5 feet 4 inches, and 
weight was 158 pounds. BMR was — 15 per 
cent. Ci, was 84 cc., Coan was 397 cc. and Tang 
was 260 mg. per minute per 1.73 square meters. 
The reason for these low values was not apparent. 
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PERIODS 


Susyect K31—Urinary STEROIDS BEFORE, DUR- 
ING, AND AFTER ACTH ApMINISTRATION 


Fie. 1. 


On the tenth day of ACTH administration (Period 
5), he developed fever and a cough productive of 
rusty sputum containing type 9 pneumococci. 
Chest X-ray revealed an area of infiltration in the 
left lower lung field. No treatment was given. 
He became afebrile in one day and his lung infiltra- 
tion disappeared in 4 days. 

During ACTH administration there was a step- 
wise increase in the urinary steroids as shown in 
Figure 1. The -ketonic fraction from this sub- 
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ject represented a very high proportion (20.2 per 
cent) of the total a and f-ketosteroids during the 
control period ; during ACTH administration this 
B-ketosteroid fraction increased to 41 per cent of 
this total. Thereafter, despite continued ACTH 
administration, the 8-ketosteroids diminished both 
relatively and absolutely. 

The sum of the C,,-11 desoxy metabolites iso- 
lated from the a-ketonic fraction was increased 
two-fold, largely as the result of greater production 
of etiocholanolone; the level of androsterone was 
not changed significantly (Figure 2). 
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The increase in output of steroids of the C,,-11 
oxygenated group reached a maximum of four- 
fold over control levels in Period 5. In this sub- 
ject, the major component of this group in all 
periods was 11-hydroxyandrosterone, and during 
ACTH administration the increase in the amount 
of this metabolite was prompt and sustained. The 
amount of 11-ketoetiocholanolone increased stead- 
ily. This subject failed to excrete any significant 
amount of 11-hydroxyetiocholanolone. The un- 
usually large 8-ketosteroid fraction from Period 3 
in this subject was chromatographed on silica gel 
columns and the fractions studied by infrared spec- 


troscopy. Dehydroisoandrosterone and isoandro- 
sterone accounted for practically the whole weight 
of this material. Other investigators (7, 8) have 
demonstrated by colorimetric analyses of urinary 
extracts an increase in dehydroisoandrosterone- 
like material after ACTH stimulation. 

The pattern of excretion of compounds E and 
F and their “tetrahydro” derivatives was quite 
unusual in Periods 3 and 4. Poor chromatographic 
separation of these compounds from non-steroidal 
contaminants of the water extract is a plausible 
reason for the unexpected decreases noted in 
these periods. 


Subject R32 


Subject R32 was a 32 year old white male in 
excellent health. Blood pressure was 96/56 mm. 
Hg, height was 5 feet 3% inches, and weight was 
117 pounds. Laboratory studies including blood 
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counts, ESR, urinalysis, and liver and kidney func- 
tion tests were all normal. 

Six periods were studied in this subject ; control 
periods before and after ACTH administration, 
and four 3 day periods on ACTH. Steroid excre- 
tion data are shown in Figure 3. In this subject 
the administration of ACTH resulted in a prompt 
and stepwise increase in urinary ketosteroids. 
The £-ketonic fraction followed this same pattern 
of response. Twelve days after the last dose of 
ACTH (Period 10), the urinary steroids were at 
control levels. 

The output of C,,-11 desoxy steroids was in- 
creased almost two-fold, solely as a result of a 
pronounced rise in the excretion of etiocholanolone 
(Figure 4). The output of androsterone was 
essentially unchanged. The C,,-11 oxygenated 
compounds were augmented to more than five 
times the control level. The most striking altera- 
tion was observed with 11-hydroxyetiocholanolone, 
a compound that was not found in either control 
period. The amount of this metabolite increased 
strikingly with each period, and during the final 
3 days of ACTH this substance was excreted in 
greater amount than either of the two other major 
components of the C,,-11 oxygenated group. The 
excretion of 11-hydroxyandrosterone increased ir- 
regularly but significantly. The excretion of com- 
pounds E and F and their “tetrahydro” deriva- 
tives increased markedly with continued adminis- 
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tration of ACTH, as expected. Figure 5 depicts 
the per cent of each of the two major groups of 
compounds (C,,-11 oxy, C,,-11 desoxy) excreted 
in the form of derivatives of the parent hydro- 
carbon, etiocholane. This percentage was greater 
during the ACTH periods. 


Subject M65 


Subject M65 was a 65 year old white male with 
a past history of good health. Blood pressure was 
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120/70 mm. Hg, height was 5 feet 344 inches and 
weight was 127 pounds. He was slightly emphy- 
sematous ; serologic test for syphilis was positive ; 
ESR was 22 to 28 mm. per hour. The reason 
for this increase was not evident. Liver and kid- 
ney function tests were normal. Only three pe- 
riods were studied on this subject; the control pe- 
riod preceding ACTH therapy, and Periods 2 
(days 1 to 3 on ACTH) and 5 (days 10 to 12 on 
ACTH). Crude ketosteroids were determined in 
Periods 3, 6, 7, 8 and 9 but these were not further 
fractionated. 

This subject exhibited a prompt and marked in- 
crease in urinary steroids during ACTH, in all 
essential details similar to that seen in the two 
younger subjects (Figure 6). 

_ The C,,-11 desoxy group in this subject while 


on ACTH increased approximately four-fold over 

the control level. Etiocholanolone was markedly 
augmented (Figure 7), but there was an increase 
in the amount of androsterone excreted as well. 
The C,,-11 oxygenated steroids increased more 
than 17 times over the control level during the 
final 3 days of ACTH, by far the greatest absolute 
and proportionate increase of all the subjects. It 
is evident that initially there was a prompt in- 
crease in all three major components of the C,,- 
11 oxygenated group, 11-hydroxyetiocholanolone, 
11-hydroxyandrosterone, and 11-ketoeticholano- 
lone. In the final ACTH period, however, 11-hy- 
droxyetiocholanolone represented nearly one-half 
of the total output of C,,-11 oxygenated com- 
pounds. 

The percentage of C,,-11 desoxy steroids ex- 
creted in the form of etiocholane derivatives re- 
mained the same in both the control and the ACTH 
periods despite the several-fold increase in the 
total amount excreted (Figure 8). The per cent 
of C,,-11 oxygenated compounds excreted in the 
form of etiocholane derivatives increased promptly 
and in the final period was almost twice that of 
the control period. 


Subject R63 


Subject R63 was a 63 year old white male whose 
general health had been excellent. Blood pressure 
was 94/58 mm. Hg, height was 5 feet 51% inches 
and weight was 134 pounds. Laboratory and clini- 
cal examination was essentially normal. 

Five periods were studied in this subject; the 
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control period preceding ACTH therapy, and the 
four 3 day periods on ACTH. Administration of 
ACTH in this subject resulted in a consistent step- 
wise increase in urinary steroids, but the response 
was smaller than with the other three subjects. 
There was no significant alteration in the B-keto- 
steroid fraction (Figure 9). 

The C,,-11 desoxy metabolites increased slightly 
during this course of ACTH, solely as the result 
of a slight rise in the excretion of etiocholanolone; 
the androsterone level was essentially unchanged 
(Figure 10). The C,,-11 oxygenated group of 
compounds definitely increased during ACTH ad- 
ministration, but the stepwise increase observed in 
the other subjects was not found in this man. 
There was a prompt increase in excretion of 11- 
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hydroxyandrosterone and 11-ketoetiocholanolone 
during the first period on ACTH, but surprisingly, 
as the experiment continued, these two substances 
diminished in amount until the final 3 day period 
when an increase was again evident. The fact that 
there was a consistent increase in the excretion 
of 11-hydroxyetiocholanolone makes it appear im- 
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probable that either incomplete urine samples or 
technical errors in separation and isolation were 
responsible for the unexpected decrease of the 
other C,,-11 oxygenated steroids. 

As observed with the other subjects, ACTH 
resulted in an immediate and sustained increase in 
the per cent of metabolites excreted with the nor- 
mal (etiocholane) configuration at carbon 5 (Fig- 
ure 11). 


DISCUSSION 


The adrenal response to continued daily intra- 
muscular administration of ACTH, as measured 
by urinary steroid excretion, is in the most general 
terms characterized by a prompt stepwise increase 
in neutral a and 8-ketonic steroid fractions. When 
these fractions are subjected to finer analytic tech- 
niques, it is clear that the 1l-oxygenated steroids 
are increased to a relatively greater extent than 
their 11-desoxy counterparts. The 1l-oxygenated 
group may in fact become the largest portion of 
the a-ketonic fraction. Both major components 
of the 11-oxygenated group, 11-ketoetiocholanolone 
and 11l-hydroxyandrosterone share in this in- 
crease. In addition, 11-hydroxyetiocholanolone 
which was not found in the control periods of any 
of these subjects, appeared in substantial amounts 
in three out of four of them during ACTH ad- 
ministration. This result is interesting, especially 
when consideration is given to the virtual absence 
of this compound in the urine of a series of normal 
subjects (1). The major C,, steroids identified in 
urine after ACTH were the 11-oxygenated “tetra- 
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hydro” derivatives of cortisone and hydrocortisone. 
There was, however, spectroscopic evidence that 
a large number of steroids of unknown structure 
appeared in the urine in trace amounts efter ACTH 
administration. Few of these trace substances have 
been chemically identified as yet. 

The C,,-11 desoxy steroids of the a-ketonic 
fraction are increased during ACTH administra- 
tion although the rise is relatively not as great as 
that undergone by the 11l-oxygenated group of 
steroids. One compound, etiocholanolone, was 
responsible for most of this increase although an- 
drosterone was often excreted in larger amounts 
than during control periods. The precursors of 
these C,,-11 desoxy metabolites appearing after 
ACTH stimulation are not known with certainty at 
present. It is significant, however, that both 17a- 
hydroxy progesterone and “Reichsteins Substance 
S” (17a, 21-dihydroxy-A*-pregnene-3, 20-dione) 
have been demonstrated to be precursors of the 17- 
ketosteroids etiocholanolone and androsterone by 
isotopic experiments from this laboratory (9, 10). 

Although several common features of this 
adrenal response to ACTH are shared by all four 
subjects, there are marked individual variations in 
response. It is clear that these individual differ- 
ences are not characteristic of age. From these 
data, it is impossible to distinguish any difference 
in response to ACTH of “young” as compared with 
“old” subjects. This amply confirms the similar 
conclusions reached by other investigators (4) 
after an analysis of the metabolic balance data on 
these subjects. 

It does seem clear from this study that the re- 
sponse to ACTH varies quantitatively with dif- 
ferent individuals. That these variations may be 
specific for the individual and dependent to a 
large degree on such constitutional factors as glan- 
dular size, muscle mass or genetically determined 
metabolic factors is suggested by the high degree of 
reproducibility of these data (11). A final con- 
clusion from these data is warranted, namely that 
the degree and type of response initiated by ACTH 
administration is independent of “resting” levels 
of steroid excretion in normals. There appears to 
be an inherent capacity to respond to adrenal stimu- 
lation by increased steroid hormone production 
and this “capacity” to respond is not shared equally 
by all individuals. It may be that the “capacity” 
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for response and not the usual level of adrenal 
function is the real delineator of the role of the 
adrenal gland in health and disease. 


SUMMARY 


The response of two young and two old men to 
continued ACTH administration has been stud- 
ied by means of the extensive chemical and physi- 
cal analytic techniques developed in this laboratory 
for isolation and quantitation of individual urinary 
steroids. This response was characterized by a 
prompt, sustained increase in urinary neutral ster- 
oids and the individual ketonic constituents of this 
group. This increase was greater relatively for 
those precursors and metabolites characterized by 
an 1l-oxygen function, such as Kendall’s com- 
pounds E and F, their “‘tetrahydro” derivatives, 11- 
ketoetiocholanolone, 11-hydroxyandrosterone, and 
11-hydroxyetiocholanolone. 

The increase in 11-desoxy 17-ketosteroids was 
relatively less and due primarily to increased ex- 
cretion of etiocholanolone; irregularly there were 
increases in androsterone excretion. 

Although the response to ACTH may be char- 
acterized in general terms, there were striking 
qualitative and quantitative individual variations. 
From the four examples presented these varia- 
tions appear little, if at all, related to chronologic 
age. These variations are attributed to the in- 
herent biologic characteristics of the inc ‘vidual. 
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Iodine administered orally as Nal**? associates 
with two electrophoretically identifiable serum pro- 
teins (1-4). It appears first with the albumin 


fraction where it is associated with the slower mov- © 


ing component. It is later found in a zone of low 
protein concentration just ahead of alpha-2 globu- 
lin. This behavior was observed in the serum from 
both euthyroid and hyperthyroid subjects. How- 
ever, in hyperthyroid subjects the tracer iodine 
concentrated faster, attained higher levels, and de- 
clined more rapidly in this alpha globulin zone 
(5). This suggested that the hormonal! iodine may 
be associated with this specific protein. The exact 
nature of this iodine compound is unsettled al- 
though the presence of thyroxin and more recently 
3:5: 3’-L-triiodothyronine (6) has been demon- 
strated in whole serum. 

The purpose of this present paper is to report 
the radiochromatographic analysis of iodine con- 
taining amino acids associated with an alpha globu- 
lin fraction separated by starch electrophoresis. 


CLINICAL MATERIAL 


The four patients selected for this study were seen in 
the Department of Medicine of the University of Wis- 
consin. Thyroid function was measured by the deter- 
mination of the 24-hour uptake of I™ 8 as reported pre- 
viously (7). All were hyperthyroid as judged by their 
symptoms, physical findings, and elevated I™ uptake. 
Pertinent clinical data are summarized in Table I. In 
each instance therapeutic quantities of carrier-free I™ 
ranging from 4 to 6 mc. were administered orally. These 
doses were calculated to administer the same amount of 
radiation (75 to 100 microcuries per Gm.) to the gland 
in all subjects. This estimation was based upon previous 
uptake studies of “tracer” quantities (100 microcuries) 
of I™ and upon the size of the gland. 


1This work was supported in part by the Wisconsin 
Alumni Research Foundation. 

2 Research Fellow of the Arthritis and Rheumatism 
Foundation. 

8 Obtained from Isotopes Division, Atomic Energy Com- 
mission, Oak Ridge, Tennessee. 


Upon completion of the diagnostic studies and adminis- 
tration of therapeutic I™, blood samples were drawn on 
the fourth post-treatment day, placed in dry centrifuge 
tubes, and the serum separated for starch electrophoresis. 


METHODS 
Starch electrophoresis 


The procedure of Kunkel and Slater (8) was followed 
in principle. However, a different type of apparatus, il- 
lustrated in Figure 1, was used. This consists of a lucite 
bridge of rectangular cross section connecting two vessels 
containing 0.1 M veronal buffer pH 8.6. Within the 
horizontal portion of the bridge a 1.5 by 5.5 by 38 cm. 
mold of buffer soaked starch is formed. Two ml. of the 
buffer dialyzed serum was introduced in a line across the 
starch block 8 cm. from the cathodal end. A period of 
one hour was allowed for equilibration. The electro- 
phoresis was carried on at 3° C. After electrophoresis 
for approximately 20 hours at 35 milliamperes the starch 
block was removed from the bridge, partially dried and 
cut transversely into 1 cm. segments. The protein of each 
segment was eluted by shaking twice with 3 ml. of cold 
physiological saline in a test tube. 

Quantitation of the protein of the eluate of each segment 
was performed by the modified Folin tyrosine reagent 
(9). When these values are plotted, the resultant curve 
demonstrates separation of the major protein fractions 
comparable to that of standard electrophoresis. 

Localization of radioactivity in the serum protein frac- 
tions was determined by counting a 100 microliter aliquot . 
of each eluate in an end window GM counter. 


Chromatography 


The eluates of the alpha globulin and the albumin seg- 
ments containing measurable quantities of I were each 
pooled and extracted separately with N-butanol, once 
with twice the volume and two times with equal volumes. 
The butanol extracts were concentrated at room tempera- 
ture to approximately 100 microliters. Colorimetrically 
identifiable quantities (approximately 50 micrograms) of 
carrier thyroxin* and 3:5: 3/-L-triiodothyronine 5 were 
added to the concentrate which was then chromatographed. 

Using a modification of an ascending chromatographic 


4 Kindly supplied by E. R. Squibb & Sons. 
5 Kindly supplied by Smith, Kline & French Laboratories. 
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IDENTIFICATION OF THYROXIN 


IN A SERUM 


ALPHA GLOBULIN 


TABLE I 


Summary of clinical data cf hyperthyroid subjects 


Patient Age 


uptake* [1a 
at 24 hours administered 
Physical findings Qq me. 


J.M. 32 


50 


60 F 


Diffuse goiter, est. 53 6 


wt. 40 grams. 


Diffuse goiter, est. 78 
wt. 60 grams. 


Diffuse goiter, est. 68 
wt. 40 grams. 


Nodular goiter, est. 
wt. 50 grams. 


* 7131 uptake expressed as per cent of the dose present in the thyroid at 24 hours. 


Fie. 1. 


method described by Kowkabany and Cassidy (10), it 
was found that triiodothyronine and thyroxin could be 
separated by single dimension chromatography in both col- 
lidine-water and butanol-dioxane-ammonia systems (11). 
Whatman No. 3MM filter paper was cut into a tapered 
form which proved helpful in maintaining discrete spots, 
thereby aiding materially the separation of the two 
amino acids. The validity of this method can be seen in 


Lucite APPARATUS FOR STARCH ELECTROPHORESIS 


Figure 2 which illustrates the separation of I13! labelled 
triiodothyronine® and thyroxin® in both solvent systems. 

Following development of the chromatogram and the 
color reaction, the paper strips were cut transversely into 
1 cm. segments, and the radioactivity localized. 


6 Obtained from Abbott Laboratories, Oak Ridge, Ten- 
nessee. 
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Fic. 2. Distripution oF RADIOACTIVITY ON THE CHROMATOGRAMS OF BUTANOL EXTRACTS OF SERUM TO WHICH 
RADIOTHYROXIN AND RADIOTRIIODOTHYRONINE WERE ADDED 
A—collidine-water developer. B—butanol-dioxane-ammonia developer. Position of the amino acid is indicated by 
legend: THY—thyroxin, TRI—triiodothyronine. 


OPTICAL DENSITY 
JLANIW / SLNNOD 


16 20 24 28 32 36 
a 
Fic. 3. DrstrtnpuTION OF RADIOACTIVITY IN SERUM PROTEIN FRACTIONS 
SEPARATED BY STARCH ELECTROPHORESIS 


Bar graph represents radioactivity in eluates of 1 cm. segments of starch 
block. Linear graph represents protein determination in eluates of corre- 
sponding segments. 


© 
TRI THY TRI THY 
A B 
8 40 
6 30 
2 10 
A 


COUNTS / MINUTE 


IDENTIFICATION OF THYROXIN IN A SERUM ALPHA GLOBULIN 


A 


A—in butanol-dioxane-ammonia developer. 


Fic. 4. GRrapH oF RADIOCHROMATOGRAM OF BUTANOL EXTRACT OF ALPHA GLOBULIN 
FRACTION OF SERUM OF HyPERTHYROID PATIENT 


B—in collidine-water developer. The de- 


veloper front is indicated by the solid vertical bar below the abscissa. Horizontal solid 


RESULTS 


The distribution of the radioactivity in the 
eluates of the segments of the starch block together 
with the protein quantitation is seen in Figure 3. 
As reported previously, with paper electrophore- 
sis there are two peaks of radioactivity, one, in the 
slower albumin zone and the other just ahead of 
alpha-2 globulin. 

The radioactivity of the alpha-globulin eluate 
was wholly extractible with butanol. On the other 
hand, no significant radioactivity could be extracted 
from the albumin eluate. The radiochromatog- 
raphy of the butanol extract of the alpha-globulin 
eluate in one representative patient is illustrated in 
Figure 4. An exact correlation with thyroxin is 
evident in both solvent systems. No correlation of 
radioactivity with carrier triiodothyronine on the 
fourth day was seen in either solvent system in the 
four patients studied. 


DISCUSSION 


It has been generally believed that thyroxin is 
the active hormone secreted by the thyroid gland. 


bar represents thyroxin, open bar 3:5: 3’-L-triiodothyronine. 


More recently 3: 5: 3’-L-triiodothyronine has been 
demonstrated in plasma (6), but its exact relation- 
ship to thyroid physiology is a matter of specula- 
tion. Studies on the localization of orally adminis- 
tered I’! in serum protein fractions have led to 
the concept that hormonal iodine is specifically as- 
sociated with an alpha globulin (5). The pres- 
ent study indicates that the alpha globulin I'*? is, 
(1) entirely extracted with butanol, and (2) can 
be identified as thyroxin by paper radio-chromatog- 
raphy. The albumin-bound I['*? is not butanol 
extractible under the same conditions and is as- 
sumed not to contain thyroxin. 

The failure to demonstrate triiodothyronine in 
alpha-2 globulin is not meant to exclude its pres- 
ence in serum. This amino acid is known to have 
a rapid turnover and to disappear quickly from the 
intravascular compartment (12). This may be 
related to the difference in protein binding of this 
amino acid, as it has been shown in vitro (13) that 
triiodothyronine is less firmly bound than thy- 
roxin to the alpha globulin. However, these data 
indicate that the iodine-containing compound in 
alpha-2 globulin is thyroxin at a time when the 
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radioactivity of serum is at a maximum following 


oral administration of ['*'. 


SUMMARY AND CONCLUSIONS 


Four hyperthyroid subjects were given thera- 
peutic quanties of [I'. After a period of four 
days, the serum proteins were separated by starch 
zone electrophoresis. Two peaks of radioactivity 
appeared, one in the slowest moving albumin and 
the other in an area of low protein concentration 
just ahead of the alpha-2 globulin. Saline eluates 
of these zones were extracted with butanol. The 
radioactivity of the alpha zone was wholly extrac- 
tible and was identified as thyroxin by paper chro- 
matography. The albumin radio-activity was not 
extractible with butanol under these same condi- 
tions. 
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The status of pregnancy profoundly affects the 
maternal metabolism. By means of isotopic tracers 
over-all changes in metabolic rates of specific sub- 
stances can, with certain limitations, be studied. 
This investigation is concerned with the demonstra- 
tion of water turnover rates during various stages 
of pregnancy and an effort is made to define their 
physiologic and pathologic variations. 

Based upon clinical evidence, appreciable vari- 
ations in the state of hydration are expected as 
pregnancy progresses and even greater variations 
may be anticipated under certain pathologic con- 
ditions. For this reason the water economy of the 
pregnant woman is of considerable interest to the 
clinician. Numerous investigations have been car- 
ried out to determine changes in specific fluid 
compartments during pregnancy. [Except for one 
preliminary note on this subject (1) the impor- 
tant total body water content has not been investi- 
gated by the isotope dilution method. 

Since the distribution of deuterium oxide and its 
disappearance rate are intimately related terms, 
the present study also includes an evaluation of 
the total body water and its changes during 
pregnancy. 


CLINICAL MATERIAL 


Six normal healthy pregnant volunteers registered 
in the antepartum clinic were selected for this study. 
They were followed throughout their ante-partum course 
at routine intervals and, with the exception of one pa- 
tient (D. E.), their pregnancies were uneventful. Total 
body water and disappearance constants were determined 
whenever possible once during each trimester and in the 
immediate post-partum period. These determinations 
were so spaced that a reasonably even distribution of the 
data was obtained over the whole period of gestation. 
Because very few patients present themselves for registra- 


os This investigation was supported by a Research Grant 
from the National Institutes of Health, Public Health 
Service. The authors are indebted to Eli Lilly and Com- 
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tion during the first trimester, the data collected cover 
the period from the 13th to the 41st week of gestation. 

Since it was not possible to predict, in the initial selec- 
tion of patients the eventual development of toxemia of 
pregnancy, the “hypertensive” and “pre-eclamptic” pa- 
tients were chosen from ward material after the diagnosis 
had been established on clinical evidence. 


METHODS AND MATERIALS 


Total body water: The total body water determinations 
were carried out according to a procedure described in 
the literature (2). A few minor modifications of this 
procedure were adapted which were intended to simplify 
the procedure and to increase the safety of the deuterium 
oxide administration. 

An accurately known volume (40 to 45 cc.) of sterile 
pyrogen-free deuterium oxide containing 0.85 per cent 
sodium chloride, was administered intravenously from an 
analytic burette which, in turn, was connected to a slow 
infusion of normal saline or 5 per cent glucose. The 
weight of deuterium oxide administered was calculated 
from known specific gravity data (3). 

Samples of venous blood were then withdrawn from 
the patient at intervals ranging from 2 hours to 20 days. 
The samples were allowed to clot and the sera separated 
in the usual manner. The samples were then stored in 
frozen state until ready for the determination of their 
deuterium oxide content. 

The concentration of deuterium oxide in the sera was 
determined by the “Falling Drop Method” as described 
by Fetcher (4) and other investigators (5). Primary 
standards of deuterium oxide and secondary standards of 
sodium chloride were used for comparison. The former 
have the disadvantage of a certain degree of instability as 
evidenced by a gradual decline in the deuterium oxide 
concentration with time, presumably due to a slow ex- 
change of deuterium between solution and container. 

Turnover rate: Following the initial body water de- 
terminations, samples of venous blood were withdrawn 
at frequent intervals and the deuterium oxide concen- 
tration determined as described above. The data so ob- 
tained were then plotted on a semi-logarithmic scale. 
They proved to be linear within the experimental error 
of the method. The numerical values of the constant for 
the “late disappearance curve” were then calculated from 
the exponential equation 


= At 
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TABLE I prolonged. It was, therefore, necessary to deter- 
Representative experiments on the determination of the mine this equilibrium time beyond which no sig- 


equilibrium time in normal pregnant patients 
during the second and third trimester nificant decrease in deuterium oxide concentra- 


tion of the serum or plasma wouid occur. 


Elapsed time D:0 con Deuterium oxide was administered in a series 


a — _—— of pilot experiments to a number of normal and 
Lw 30 0.209.‘ texemic patients and frequent blood samples with- 
(term) 60 0.207 drawn for analytic determinations. The results 
120 0.198 a series of these experiments >» re | 
180 0.193 on a series of these experiments are reproduced 
300 0.186 
430 0.185 TABLE II 
M.H. 40 0.140 A correlation of total body water (deuterium oxide space) 
(term) 75 0.134 and total body solids in a series of 
140 0.132 uncomplicated pregnancies 
270 0.130 
Deuterium Deuterium 
360 0.129 Period of Body oxide, ‘wae Total 
gestation weight space space solids 
M.S. 25 0.140 weeks Kg. % Kg. 
(3rd trim) 50 0.121 — 


Patient R. 


Pre-pregnancy 
13 


$1.3 9.8 
. 30 34.4 56.4 
N. B. 60 0.131 
(2nd trim) 120 0.124 36 60.9 36.1 59.2 24.8 
300 0.125 — 


where the value of is proportional to the “turnover rate” —-Pre-pregnancy 55.0 — 
and represents that fraction of the total body water 
“turned-over” per unit of time “t.” (D.O). is the con- YW (p.p.) 56.8 33.0 58.1 33.8 
centration of deuterium oxide in pure water expressed | 
in per cent obtained at the beginning of the experimental Patient Don 
period (the equilibrium value) and (D,O), the con- 
centration after an elapsed time interval of t days. The prepregnancy 60.0 ae oe =: 
turnover rate is expressed in per cent of total body wa- 19 61.8 32.1 51.9 29.7 
ter and its dimensions are, therefore, days”. The various 33 ia 9 49.1 35.4 
derivatives of this value, e.g., the “turnover time” and 41 (p-p.) 62.0 31.6 50.9 30.4 
“half life time,” were calculated according to the formulae Pati CRB. 
given in Table III. a 
RESULTS Pre-pregnancy 50.0 
21 49.9 28.5 Si.4 21.4 

The determination of total body water by the at rote x pe 
isotope dilution method and its clinical application 41 (p.p.) 57.8 31.5 544 6 3 
has been ably discussed (5). In contrast to the 
normal human an additional and progressively en- Patient N. B. 
larging pool of water is present during pregnancy, 53.0 
hence a re-examination of at least one of the basic 16 54.4 29.6 54.4 24.8 
principles of this method, the determination of the tiie) 
equilibrium time, seems in order. 

While there is little reason to assume that the Patient A. M. 
mechanism of deuterium oxide distribution would x 

be significantly different in the pregnant and non- iy i / 38.5 48.5 40.9 
pregnant organism, the time necessary for the es- 36 80.8 39.2 48.5 41.6 
41 (p.p.) 76.6 53:5 43.7 43.1 


tablishment of an equilibrium may be considerably 


| 
= 
90 0.111 |). 
180 0.100 


in Table | which indicate that for the purpose of 
the present study a satisfactory distribution seems 
to be established within a period of two, or at the 
most, three hours. For routine total body water 
determinations the equilibrium deuterium oxide 
concentration was, therefore, derived from control 
sera and sera obtained 2 or 3 hours after the intra- 
venous infusion of the test dose. 

The large body of dependent variables makes 
the presentation of accumulated data in compact 
tabular or graphic form impractical. In Table II 
the data related to total body water of normal 
pregnant patients are arranged according to sub- 
jects rather than the corresponding period of 
pregnancy. 

It is apparent that the relative values for the 
total body water show considerable variations if 
one individual patient is compared to another but 
within certain limits each patient shows a charac- 
teristic pattern of changes as pregnancy progresses. 
The total body water expressed as per cent of 
body weight exhibits no consistent changes during 
the second and third trimester but drops to its 
lowest value in the immediate post-partum period. 
The absolute values during the same period show 
a persistent rise followed by the expected drop 
after delivery; they have only a superficial cor- 
relation to body weights. 

The total solids, representing the difference be- 
tween body weight and deuterium oxide space, re- 
flect these changes by a consistent rise during preg- 
nancy and an appreciable net gain when the first 
trimester is compared with the puerperium. 

The late disappearance constants and their re- 
lated values are reproduced in Table III. Except 
during the immediate post-partum period the 
turnover of water remained constant within the 
limits designated by previous investigators (2). 
In one patient (D. E.), who eventually developed 
signs of toxemia during the end of her pregnancy, 
the turn-over rate was considerably and consis- 
tently higher than the upper limits of normal as 
defined by these authors. 

In the immediate post-partum period the disap- 
pearance of injected deuterium oxide no longer 
follows the expected dieaway curve, the mathe- 
matical representation of which is given in the 
exponental relation outlined above. The linear 

relation of a semilog plot is lost. After the intra- 
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TABLE III 


The disappearance constants, half life of deuterium oxide, 
turnover time and total turnover in a Series 
of uncomplicated pregnancies 


Total 
Disappearance Half Turnover turnover 
Period of constant in lite time in in liters/ 
gestation days"! days* dayst dayt 
Patient R. D. 
13 0.0836 8.28 12.0 2.62 
30 0.0777 8.91 12.9 2.67 
36 0.0740 9.36 E5c5 2.67 
H1 (p.p.) 0.0810 8.55 12.3 2.36 
Patient A. N. 
21 0.0794 8.72 12.6 2.69 
BS 0.0880 7.86 11.4 3.23 
41 (p.p.)(a)§ 0.236 2.93 4.24 7.78 
(b) 0.128 5.41 7.81 4.22 
Patient D. E. 
19 0.128 5.41 7.81 4.11 
33 0.144 4.81 6.94 4.91 
41 (p.p.) 0.096 7.21 10.4 3.03 
Patient C. B. 
21 0.079 8.77 12.6 225 
31 0.086 8.06 11.6 2.89 
38 0.084 8.25 11.9 2.87 
41 (p.p.)(a) 0.173 4.00 5.78 5.45 
(b) 0.089 7.78 11.24 2.80 
Patient N. B. 
16 0.075 9.24 13:33 2:22 
37 0.084 8.25 11.90 3.18 
41 (p.p.) 0.081 8.56 12.35 2.48 
Patient A. M. 
16 0.089 7.79 fE2ZS 3.43 
36 0.074 9.36 15.51 2.90 
41 (p.p.) 0.093 7.45 10.75 542 


* Half life time = 0.693/disappearance constant. 

¢ Turnover time = 1.00/disappearance constant. 

t Total turnover = (Total Body Water) (Disappearance 
Constant) (100). 

§ (a) and (b) refer to two consecutive compensatory 
phases during the postpartum period. (a) is the period 
of diuresis. 


venous administration of deuterium oxide an 
equilibrium is rapidly established, but the con- 
centration of the tracer remained almost constant 
over the first 24 hours. It then declined at rates 
which exceeded the values for the ante-partum pe- 


riod. An approximately linear relationship was 


obtained between the second or sixth day and from 
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TABLE IV 


The disappearance constants, half life of deuterium oxide 
and turnover tinte in a series of toxemic patients 


Disappear 
ance Halt 
constant lite 
in days™' days 


0.123 
0.071 
0.092 
0.095 
0.042 
0.070 
0.040 


Turnover 
time 
days 


Clinical 


Patient diagnosis 


M.W. 
S. M. 
McQ. 
IR. 

M. B. 
C. McG. 
M.R. 
E. D. 0.060 
E.G. 0.064 
E. D. (ID) 0.065 


Hypertensive 
Hypertensive 
Hypertensive 
Hypertensive 
Pre-eclamptic 
Pre-eclamptic 
Pre-eclamptic 
Pre-eclamptic 
Pre-eclamptic 
Pre-eclamptic 


fe) 


- 
> 
c 
- 
3 
= 


| | 
25 30 
Weeks of Gestation 


Fic. 1. Per Cent or Totat Bopy Water TURNOVER 
AT Various GESTATIONAL PERIODS DURING NORMAL AND 
PATHOLOGIC PREGNANCIES 


The open circles represent values obtained for normal 
patients. The closed circles correspond to values obtained 
on patients with a clinical diagnosis of pre-eclampsia and 
the solid triangles to hypertensive patients. 


then on the rate of turnover seemed to approach 
the ante-partum values. 

Patients with clinical diagnoses of toxemia of 
pregnancy, e¢.g., hypertensive disease or pre- 
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The 
turnover rate in patients who, on the basis of clini- 
cal evidence, were classified as pre-eclamptic, was 
appreciably lower than the turnover rate of nor- 
mal pregnant women of the same gestational pe- 
riod. The patients with documented essential hy- 
pertension had a turnover rate which exceeded the 
normal range. The numerical values are given in 
Table IV and, in order to emphasize the difference 
between normal and toxemic patients, the data on 
both are represented graphically in Figure 1. 


eclampsia, were subjected to similar tests. 


DISCUSSION 


The relative changes in the fluid compartments 
during pregnancy have been the subject of nu- 
merous investigations (6-8). These changes are 
relative and occur within the aqueous phase; their 
sum should be equal to the changes in total body 
water which is presumably identical with changes 
in the “deuterium oxide space.” The over-all 
changes of the aqueous phase have recently been 
investigated by the antipyrene dilution method 
(8) but the application of this method to an ab- 
normal state might be subject to criticism. The 
determination of total body water by the isotope 
dilution method should be more reliable because 
the exchangeable species is not an exogenous or 
foreign substance. It may be assumed that the 
isotope will mix in the available pool of water 
in all abnormal states, but that the time necessary 
to reach an equilibrium may be considerably pro- 
longed. Before applying the deuterium oxide di- 
lution method to the pregnant organism it would 
be necessary to demonstrate the minimum length 
of time necessary for the establishment of an 
equilibrium. Plentl and Hutchinson (9) have 
shown that the water exchange between mother 
and amniotic fluid at term amounts to about 600 
cc. per hour and that the analogous exchange be- 
tween mother and fetus is an even more rapid 
process. Although the products of gestation con- 
stitute the largest contribution to the enlarging 
pool of water during pregnancy the exchange of 
deuterium oxide appears to be as fast as in other 
compartments of the pregnant or non-pregnant 
organism. 

Table I demonstrates that for all practical pur- 
poses the equilibrium is established within a period 
of 2 hours which confirms the preliminary report 


a 9.76 14.1 
7.53 10.9 
7.29 10.5 
16.5 23.8 
9.90 14.3 
17.3 25.0 [ 
11.5 16.7 
10.8 15.6 
10.6 15.4 
| 
| 
| | 
y 
| 
4 
} 
15 35 40 


of Haley and Woodbury (1) and the incidental 
data reported by Plentl and Hutchinson (9). Un- 
less an unprecedented isotope effect or grossly ab- 
normal conditions prevail (hydramnios) one may 
assume that the deuterium oxide dilution method 
can be used for the determination of the total body 
water in pregnant patients. 

Although it is not surprising that there exists a 
rough correlation between body weight and total 
body water, this correlation is not as close as one 
might expect. The lack of parallel changes in body 
weight and total body water can only be ex- 
plained by changes in the remaining total solids, 
i.e., fat and lean body mass. These values cannot 
be determined directly and depend, therefore, upon 
the accuracy of the measurable indices of body 
weight and total body water. Since the precision 
of both methods is somewhat better than 2 per 
cent the changes for total body solids assumed sig- 
nificance. The assumption of a constant ratio of 
fat and lean body mass as advocated by Messinger 
and Steele (10) may hold under normal circum- 
stances, but whether it can be applied to the ab- 
normal circumstance of pregnancy remains to be 
determined. If it were applied to our data it 
would lead to the very plausible conclusion that a 
normal pregnancy is associated with a relative and 
absolute net gain of fat. 

A similar approach cannot be taken in the study 
of the limited number of toxemic patients because 
here the continuity is lacking and a comparison 
to earlier stages on the same patients is not pos- 
sible. An interpretation of the relative propor- 
tion of water and total body solids would have to 
be made by cross comparison and, therefore, re- 
quire statistical interpretation for which the num- 
ber of our subjects is too small. 

The turnover rate of water in the animal and 
the human, originally investigated by Hevesy and 
Hofer (11), has been studied in great detail (2) in 
an effort to establish the limits within which varia- 
tions of the normal adult human could be ex- 
pected. These authors found the disappearance 
constant to be 0.077 per day or a turnover rate 
of 7.7 per cent of total body water per day with 
a standard deviation of + 1.2 per cent. A differ- 
ence between male and female subjects was not 
apparent. They suggested that changes in turn- 
over rates might be of interest in various diseases 
or abnormal states even though the significance of 
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these changes need not be clearly understood. 

Haley and Woodbury (1) determined the deu- 
terium oxide turnover rates on three normal preg- 
nant patients. They observed that the water turn- 
over of these patients did not materially differ 
from the non-pregnant. Our experiments which 
had been carried out concurrently with those of 
Haley and Woodbury, confirm these findings in 
principle. 

The period of gestation represents a continuous 
change and the selection of patients at an arbitrary 
stage of pregnancy would not permit valid conclu- 
sions to be drawn for the whole period. We have, 
therefore, selected our patients in the early stages 
of pregnancy and determined the turnover rates 
at convenient intervals at least once during each 
trimester and the immediate post-partum period. 
An even distribution of these data could also be 
used for cross-comparison and it would seem un- 
likely that periods of unusual changes in water 
turnover have been missed. Although we have 
not obtained any experimental data during the ear- 
liest phases of pregnancy it may safely be as- 
sumed that at least the turnover rates (but not 
the total body water) would not differ appreciably 
from those of the later stages. Thus, during the 
second and third trimester and up to the onset 
of labor the water turnover rates of normal preg- 
nant patients are of the same magnitude as those of 
non-pregnant humans, although significant changes 
in the fluid compartments can be demonstrated. 
The event of parturition is associated with an ap- 
preciable, immediate and sudden loss of water at- 
tributed to amniotic fluid, fetus and blood to which 
the maternal organism has to adjust itself. This 
adjustment apparently takes about 2 to 5 days dur- 
ing which time the disappearance constants ex- 
hibit a peculiar but nevertheless consistent pattern. 
The normal patients of this series showed only 
minor changes in weight during the first few 
post-partum days and, of course, remained con- 
stant thereafter. If deuterium oxide is adminis- 
tered immediately after delivery or as soon as 
acute water loss in whatever form had ceased, the 
water turnover rate is extremely slow over the 
first 24 hours, rises rapidly to almost twice its 
antepartum levels and then returns to normal some- 
time between the second and fifth day. These 
changes in the disappearance rate of deuterium ox- 
ide are explained by the well known post-partum- 
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diuresis which is followed by a compensatory water 
intake. During the immediate post-partum period 
when no change in the deuterium oxide concen- 
tration of the patients plasma could be demon- 
strated, the diuresis alone was the significant event. 
The subsequent increase in water intake without 
an immediate decline in water excretion was re- 
flected in a rise in turnover rate. When the period 
of diuresis was over, the water intake also re- 
sumed normal proportions and the turnover rates 
returned to normal levels. Thus, except for the 
initial period of decreased water consumption and 
the early phases of diuresis these patients were 
in a “steady state” and apparently did not change 
the size of the available water pool. 

In the light of the above it should not be sur- 
prising to find that patients diagnosed as pre- 
eclamptics with frank or occult edema should have 
a slower turnover of water than normal patients. 
The turnover time for these patients, .c., the aver- 
age length of time of a molecule of water or deu- 
terium oxide to remain in the body, is considerably 
increased, presumably because (1) the available 
pool is larger, or (2) there is an inherent defect 
in water metabolism. Whether only one or both 
of these possibilities should be considered cannot 
be decided at this time. Our observations rest 
upon fairly convincing and consistent experimental 
evidence but its detailed explanation would have 
to await further study. 

Whatever its explanation may be, it is hoped 
that a decreased water turnover may eventually 
be used as an objective diagnostic tool. The ex- 
treme sensitivity of this index of water metabolism 
could, under the proper circumstances, be used as 
a guide in the therapy of such patients. 

Because the differential diagnosis of hyperten- 
sive and pre-eclamptic toxemia occasionally pre- 
sents serious difficulties, the pattern of an ob- 
jective test can only be applied with caution. Al- 
though the turnover rates of hypertensive patients 
were considerably higher than normal (Figure 1), 
this observation needs confirmation on a larger 
number of documented hypertensive patients. 
Since the well known renal pathologic changes 
of the hypertensive are likely to pre-dispose these 
patients to a more or less pronounced diuresis, an 
increased water turnover would not be incompatible 
with this picture. Conversely, hypertensive pa- 
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tients with edema due to excessive sodium intake, 
or cardiac decompensation might simulate a nor- 
mal water turnover or show a depression to within 
the pre-eclamptic range. A knowledge of water 
turnover rates should, therefore, be interpreted 
in the light of other significant data in order to 
serve as a diagnostic aid. 


CONCLUSIONS 


1. The total body water content was determined 
on six normal pregnant women at least once dur- 
ing each trimester. The changes during normal 
pregnancies were found to be an absolute rise in 
total body water and total solids. A comparison 
of the early phases of pregnancy with the post- 
partum period indicates a relative loss of total 
body water and a relative gain in total body solids. 

2. The time necessary to establish an equilibrium 
between injected deuterium oxide and body water 
did not differ appreciably from the equilibrium 
time of the non-pregnant normal human. The 
disappearance constants and turnover rates for 
deuterium oxide were found to be within the limits 
reported for the normal non-pregnant female. 

3. The water turnover rates for pre-eclamptic 
patients were found to be lower than those of nor- 
mal patients at comparable stages of pregnancy. 
Hypertensive patients showed inconsistent turn- 
over rates which were either faster than normal or 
within the normal range. 
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Erythrocytes stored in an acid-citrate-dextrose 
preservative (ACD) at 4 to 7° C. undergo morpho- 
logical and biochemical alterations. The cell be- 
comes more sphere-shaped with an associated in- 
crease in osmotic and mechanical fragilities, the 
glycolytic rate and organic phosphate compounds 
are decreased, inorganic phosphate is increased, 
and the differential between cell potassium and so- 
dium is decreased (1). These altered cells, when 
transfused to a recipient, are destroyed in an 
amount dependent upon the duration of storage of 
the blood. Thus, storage for three weeks in ACD 
results in a viability * of about 85 per cent and for 
four weeks in a viability of about 60 per cent (2, 3). 
Since the normal human erythrocyte population 
is destroyed in vivo at a rate of 0.8 to 1.0 per cent 
per day, the survival of erythrocytes after three 
to four weeks of storage is consistent with the ex- 

pected in vivo loss from aging. The present study 

was undertaken to determine whether the changes 

of storage were related to a normal or accelerated 

aging process, or whether they represented cell 

damage due to in vitro storage conditions. 


MATERIALS AND METHODS 


I. Preparation of an erythrocyte population of uniform age 


Two dogs were bled daily over a period of 16 days to 
a total of about 4,800 ml. of blood per dog. Calculations 
based on serial blood volume determinations by the 
T1824 dye technique (4) and blood withdrawn indicated 
that over 90 per cent of the original erythrocytes had 


1 This investigation was supported in part by research 
grants from the United States Atomic Energy Com- 
mission (Contract AT (45-1)-343) and the United States 
Public Health Service (Contract H-1179 (C1). 

2 The term, viability, will be used throughout this se- 
ries of papers to describe the maintenance of erythrocytes 
in circulation after transfusion into a suitable recipient. 
Thus, loss of viability refers to the excessive loss of eryth- 
rocytes from the circulation after transfusion but does 
not necessarily define the metabolic state of the cell. 
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been removed. Saccharated iron oxide® (2,400 mg. of 
iron) was injected during this period to allow rapid blood 


regeneration. The red cell mass returned to normal by 
the 14th day after the last phlebotomy; thus a population 
of new red cells of uniform age (+7 days) had been 
formed. 


II. Chemical methods 


For the storage of blood at 4° C., acid-citrate-dextrose 
(ACD) preservative was used routinely in the proportion 
of one volume to four volumes of blood. The final con- 
centration of preservative components was approximately 
0.264 per cent sodium citrate, 0.096 per cent citric acid, 
and 0.294 per cent glucose. 

Osmotic fragility was measured by the method of Shen, 
Ham, and Fleming (5), and mechanical fragility deter- 
minations were performed according to a slight modifica- 
tion of the technique of Shen, Castle, and Fleming (6). 

Phosphate partitions were performed on cold trichlora- 
cetic acid filtrates of 0.9 per cent NaCl suspensions of 
erythrocytes from which most of the leucocytes had been 
removed. No essential difference was found between the 
red cell phosphate partition of blood collected in 95 per 
cent O.-5 per cent CO, and of blood carefully collected 
and handled in an air atmosphere. After blood collection, 
all manipulations prior to analyses were performed at 
4° C. The inorganic, total, 7 minute-hydrolyzable, and 
100 minute-hydrolyzable phosphorus values were deter- 

mined by the Gomori (7) modification of the Fiske and 
Subbarow method (8). The hydrolyses were carried 
out for 7 and 100 minutes in 1 N H,SO, at 100° C. By 
means of these analyses the following acid soluble frac- 
tions of the red cell have been assayed (9, 10) : 1. Inorganic 
phosphate; 2. total phosphate; 3. labile phosphorus re- 
leased from adenosine polyphosphates, largely ATP, after 
7 minute hydrolysis (easily hydrolyzable ) ; 4. phosphorus 
derived primarily from adenylic acid and hexose phosphates 
after 100 minute hydrolysis (difficultly hydrolyzable ) ; 5. 
phosphorus represented largely by 2,3-diphosphoglycerate 
and calculated by subtracting fractions 1, 3, and 4 from 
the total phosphorus (non-hydrolyzable). 

Glucose utilization was measured by CO, evolution on 
washed cells suspended in Krebs-Ringer bicarbonate solu- 


8 We are indebted to Smith, Kline, and French Labora- 
tories for the feojectin (saccharated iron oxide) used in 
these experiments. 
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tion at 37° C. in a 95 per cent N,-5 per cent CO, at- 
mosphere in the conventional Warburg apparatus. 


III. Radioactive techniques of measuring erythrocyte 

viability 

Radioactive tagging of arimal erythrocytes was accom- 
plished by the intravenous injection of tracer amounts of 
Fe™ or Fe®. Such iron is rapidly incorporated into the 
maturing red cell within the bone marrow and remains 
within the cell through its life span (11). In this manner 
a population of erythrocytes of known and uniform age 
may be tagged. The determination of the survival of 
labeled cells is limited to a period of 24 hours after trans- 
fusion to a recipient animal, since iron from destroyed 
erythrocytes is reutilized and appears in new circulating 
erythrocytes after this time interval. In the studies re- 
ported here, two populations of cells were injected: (a) 
Stored blood tagged with one radioisotope of iron; and 
(b) fresh blood containing a second radioisotope of iron. 
The ratio of radioactivity of the two isotopes in the cell 
mixture before and at intervals after transfusion indi- 
cated the survival of stored cells as compared with that 
of fresh cells. Processing of blood samples and the de- 
termination of radioactivity have been described (12). 
Fe® was counted with a helium-filled Geiger tube, and 
an argon-filled tube and beryllium filter were used for Fe™. 


RESULTS 
I. Studies on Erythrocyte Senescence In Vivo 


A young population of erythrocytes was created 
by repeated bleedings in two dogs as previously 
described. Measurements on this aging cell popu- 
lation were made at intervals of 10 days for a pe- 
riod of 150 days. 

Osmotic and mechanical fragility analyses failed 
to show significant changes over this period of 
time, and the aging cells did not vary appreciably 
in their ability to utilize glucose. The inorganic 
phosphate content (1 mg. P per 100 ml. RBC) and 
the organic phosphate content (53 mg. P per 100 
ml. RBC) remained constant during the in vivo 
aging of the erythrocyte mass, while the easily 
hydrolyzable phosphorus fraction showed only 
random fluctuations (6.7 to 9.1 mg. per 100 ml. 
RBC in dog I and 5.8 to 8.5 mg. in dog II). Thus, 
the progressive changes characteristic of in vitro 
storage were not present in the erythrocyte aging 
in VIVO, 


IT. Comparison of the Storage Lesion in Rabbit 
and Human Erythrocytes 


It has been shown that the life-span of the rab- 
bit erythrocyte is approximately one-half that of 
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man (13). Thus, if storage alterations are re- 
lated to the aging process, it would be anticipated 
that there would be differences in the rate at which 
the storage lesion developed as well as in the sub- 
sequent post-transfusion survival of the erythro- 
cytes of these two species. The following results 
do not indicate such a difference. 


A. Biochemical changes 


The average changes in the phosphate partition 
observed in rabbit and human erythrocytes stored 
for approximately three weeks under similar con- 
ditions are reproduced in Table I. Although in- 


TABLE I 


Changes in phosphate partition of rabbit and human 
erythrocytes during storage in ACD at 4° C. 


mg. P/100 ml. erythrocytes 


Days 
storage Inorganic EH* DH* Non-H* Total 
Rabbit 0 7.35 10.44 6.45 64.29 88.53 
23 40.18 6.01 3.90 17.55 67.64 
on 0 5.88 8.29 4.23 40.15 58.55 
” 20 27.02 5.08 2.03 14.74 48.87 


Predominant constituent: 


* Fraction: 
EH = easily hydrolyzable— 


DH =difficultly hydrolyz- hexose phosphates + 
able— adenylic acid 
Non-H =non-hydrolyzable— _2,3-diphosphoglycer- 
ate 


adenosine polyphos- 
phates 


dividual studies have shown as much as a two- 
fold variation in the relative values for the 
inorganic and easily hydrolyzable phosphate 
compounds, the data for the two species fall in- 
discriminately within this range. The total and 
non-hydrolyzable phosphate components show a 
similar relative decline in both types of cells. Al- 
though the rabbit erythrocyte contains a greater 
amount of phosphate, the relative changes in com- 
parison with the human cell are the same. Changes 
in osmotic fragility were also similar. Mechanical 
fragility of the human erythrocyte increased from 
12 to 21 per cent after three weeks of storage, and 
the rabbit red cell fragility increased similarly 
from 11.9 to 19.6 per cent. 


B. Post-transfusion survival 


Previous investigations of human erythrocyte 
viability after storage (2) are compared in Figure 1 
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with similar studies in rabbits employing identical 
techniques. In both studies, radioiron had been 
administered over a prolonged period of time so 
that it was assumed that a mixed population of 
erythrocytes was tagged. The 24-hour post-trans- 
fusion survival of such labeled erythrocytes of both 
species was similar during a period of four weeks 
of storage. 


III, Post-transfusion Survival of Stored Erythro- 
cytes Related to Cell Age 


A. Comparison of two cell populations of different 
age 


A donor dog was given Fe®*® Cl, intravenously, 
and 74 days later was injected with Fe*® Cl,. Six 
days after the second injection, blood was with- 
drawn and stored for 22 days. Thus the stored 
blood contained a population of erythrocytes 
tagged approximately 74 to 80 days previously 


10075 
90- 


80- 
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% SURVIVAL 


— Human Blood 
--- Rabbit Blood 
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DAYS STORAGE IN ACD AT 4°C 


Fic. 1. THe Per Cent Survivat or Rassit Eryta- 
rocyTEs 24 Hours FoLttowinc TRANSFUSION Is Com- 
PARED WITH Previous StupiEs IN Man (2) 

Each point represents the viability of a single trans- 
fusion of stored rabbit erythrocytes. 
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TABLE II 


Post-transfusion survival ratio of young and old erythro- 
cytes stored at 4° C. for three weeks 


Fe® (young)* 


Survival ratio (old) 


Time after 
transfusion 


0 

5 min. 
24 hr. 
48 hr. 


* Young = approximately 6 days. Old = approximately 
80 days. 


(Fe®*) and a second population only 1 to 6 days 
old (Fe®*). This blood was transfused after stor- 
age to two recipient dogs, and the ratio of radio- 
(young cells) 
Fe*® (old cells) 
II). The progressive decrease in the ratio over 24 
hours indicated that more of the younger cells 
than old had disappeared from circulation. 


activity was determined (Table 


B. Serial measurements of viability after storage 
in a single-age population of erythrocytes 
through their life span. 


A population of red cells was labeled in two 
donor dogs on day 0 by the injection of Fes 
Cl,. At intervals over the following 150 days, 
blood was withdrawn and stored for 20 and 30 
days. Survival of the stored cells was measured 
by mixing these cells with fresh Fe®® labeled cells 
and determining the ratio of activity of the two 
isotopes before and after transfusion (5 mins., 6 
hrs., 12 hrs., and 24 hrs.) in compatible recipient 
dogs. The per cent survival of stored blood was 
calculated from the isotope ratio, assuming that all 
of the fresh cells survived. In Figure 2 is shown 
this viability of the tagged cells after a 20-day 
storage period in relation to their age. There was 
poor survival during the initial 30 days of their 
life span, optimal survival at 90 to 100 days and 
poorer survival thereafter. A similar type of 
curve was obtained after storage of the same cells 
for 30 days. 


DISCUSSION 


While it has been demonstrated that the erythro- 
cyte of dog and man has a fairly uniform life span 
of 120 days (11), the factors limiting its in vivo 
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Fic. 2. THE RELATION OF ERYTHROCYTE AGE TO POST-TRANSFUSION SURVIVAL AFTER 
STORAGE 


A tagged population of dog erythrocytes was subjected to a 20-day storage period at 
intervals throughout its life span. The optimum survival of cells of approximately 90 


days of age is apparent. 


survival are largely unknown. Although increased 
mechanical fragility has been demonstrated by a 
more sensitive technique in the senescent cell (14), 
its significance is not apparent. In studies on a 
uniformly aged population of dog erythrocytes, no 
distinguishing characteristics were found as the 
cells became old. This is in contrast to the meas- 
ured changes in erythrocyte fragility, phosphate 
partition and glucose utilization occurring during 
storage and would indicate that storage changes 
are quite different from the aging process of the 
erythrocyte. 

It was also of interest to compare the effect of 
storage on erythrocytes of another animal species. 
Rabbit erythrocytes, which have approximately 
one-half the in vivo life span of human red cells 
(13), showed a similar rate of biochemical changes 
and loss of viability. This would indicate that the 
storage lesion may be studied equally well in other 
species than man and does not correlate with the 
in vivo erythrocyte life span. 

More definitive information was obtained from 
a study of the effect of storage on tagged popula- 
tions of erythrocytes of known age. A greater 
loss of viability was found in young erythrocytes 
after storage. More specifically there appeared 
to be an optimal period between the 90th and 100th 
days in the life span with poorer survival before 
and after this interval (Figure 2). The apparent 
poor survival of older cells could as well reflect 
the susceptibility of the young erythrocytes which 


may be present in the mixture, since during this 
senescent period radioiron is being liberated from 
destroyed erythrocytes and is appearing in new 
erythrocytes. 

Storage damage to the erythrocyte is clearly 
separate from the aging process. It seems ap- 
propriate to refer to these changes as the storage 
lesion, a composite of physico-chemical alterations 
induced by the conditions of storage which may 
progress to the loss of cell viability. 


SUMMARY 


During in vitro storage characteristic changes 
occur in the fragility, glucose utilization, and in 
the phosphorylated compounds associated with 
carbohydrate metabolism of the red cell. These 
alterations were not found during aging of the 
erythrocyte in vivo. In different species, storage 
damage was found to be similar and unrelated to 
the life span of the erythrocyte. The young eryth- 
rocyte was shown to be more susceptible to storage 
damage than the older cell. It is concluded that 
the changes of in vitro storage, referred to col- 
lectively as the storage lesion, bear no relationship 
to in vivo senescence of the erythrocyte. 
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II. A STUDY OF EXTRA- 


ERYTHROCYTE FACTORS IN THE STORAGE OF 
BLOOD IN ACID-CITRATE-DEXTROSE 
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The deterioration of the erythrocyte during 
storage has been shown to be unrelated to cell 
senescence as it occurs in vivo (1). Although the 
specific etiology of this degenerative process is un- 
known, it may be assumed that it is due to the 
failure of synthetic mechanisms vital to the cell. 
Possible causative factors include limited metabo- 
lites in the preserving media, the effect of stasis, 
the accumulation of toxic metabolic products within 
the cell, and the presence or accumulation of harm- 
ful substances in the media. The following stud- 
ies were undertaken to evaluate the effect of 
the extra-erythrocyte environment on erythrocytes 
stored as whole blood in ACD (acid-citrate-glu- 
cose) preservative at 4° C. 


MATERIALS AND METHODS 


Since storage has been shown to produce similar changes 
in the erythrocytes of the rabbit and human, (1) experi- 
ments were performed on both species. All manipula- 
tions of blood were performed with sterile precautions. 
When heparin was substituted for citrate in the preserva- 
tive mixture, approximately 3 mg. of heparin per 100 ml. 
of blood were added daily. Glucose was present in all 
mixtures in a final concentration of 0.294 per cent. 

Human blood containing excess leucocytes was prepared 
by removing the leucocyte layers from centrifuged units of 
blood and adding these to the blood to be studied. Blood 
samples with low leucocyte counts were obtained by re- 
peated washings with 0.9 per cent NaCl. Leucocytes at 
the liquid-cell interface were removed after each centrifu- 
gation. The erythrocytes were subsequently reconstituted 
with their original plasma. High-reticulocyte blood was 
prepared by repeated intracardiac bleedings of rabbits 
whose iron stores had been increased by the intravenous 
injection of saccharated iron oxide.? 


1 This investigation was supported in part by research 
grants from the United States Atomic Energy Commis- 
sion (Contract AT (45-1)-343) and United States Public 
Health Service (Contract H-1179 (C1). 

2 We are indebted to Smith, Kline, and French Labora- 


An hemolysate of human ACD blood was prepared by 
rapid freezing and thawing of the sample four times, and 
the stroma fraction was removed by the method of Pen- 
nell and Smith (2). When a blood sample containing 
hemolysate and stroma was centrifuged, preparatory to 
erythrocyte analysis, the stroma sedimented above the 
leucocyte layer and could be easily removed. 

The post-transfusion survival of human erythrocytes 
was determined by the method of Young, Platzer, and 
Rafferty (3) with slight modifications. Baseline inag- 
glutinable cell counts of 5,000 to 30,000 and of 4,000 to 
15,000 per cu. mm., obtained with powdered anti-A and 
anti-M sera,® respectively, were subtracted from all post- 
transfusion determinations. The theoretical inagglutina- 
ble cell count to be expected after transfusion, if no cells 
were destroyed, was determined by dividing the number 
of red cells injected by the blood volume (ml.). The 
number of injected red cells was determined by the fol- 
lowing formula: (red cells/cu. mm. X 103) X the weight 
of injected blood (Gm.) + 1.08 (specific gravity of blood). 
The blood volume was measured by the T1824 dye tech- 
nique (4). Following transfusion, the inagglutinable cell 
count was determined at 10 minutes, 1 day, 3 days, 5 days, 
and at subsequent intervals over a period of 45 days. 
These inagglutinable counts were plotted, and the slope of 
the values after the first day was extrapolated back to 
zero time. This extrapolated count divided by the theore- 
tical inagglutinable cell count represents per cent survival. 
In these studies per cent survival thus represents the rapid 
phase of cell destruction which follows transfusion and 
which is usually complete within 24 hours. The refer- 
ence point used for comparison is the survival of fresh 
whole blood. Employing the above calculations, five fresh 
blood transfusions averaged 95 per cent survival. There- 
fore, a correction factor of 1/95 has been applied to all per 
cent survival data so that they relate to a fresh red cell 
survival of 100 per cent. 

Measurements of phosphate partition, osmotic fragility, 
glucose utilization, post-transfusion survival of cells by 
the radioiron method, and radioactive iron processing have 
been previously described (1). 


tories for the feojectin (saccharated iron oxide) used in 
these experiments. 

8 Lederle Laboratories kindly supplied the lyophilized 
typing sera used in these studies. 


247 


. | 
A 
| 
> 


248 


TABLE I 


Comparison of storage media on phosphate changes in 
rabbit erythrocytes 


mg. P/100 ml. erythrocytes 
EH* DH* 


Storage 
medium 


ACD (R-1) 
0 
3 wks. 


Inorganic Total Non-H* 


89.39 
70.22 


62.72 
18.58 


11.50 
4.32 


7.89 7.28 
43.53 3.79 


Heparin-Glucose 


86.87 
72.12 


13.68 
5.89 


11.04 
5.40 


0 55.03 
3 wks. 12.75 
Defibrinated 

Blood-Glucose 

(R-3) 
64.83 
11.67 


99.51 
70.75 


10.14 
4.79 


7.70 
48.19 


16.84 


0 
3 wks. 6.10 


Predominant constituent: 
adenosine polyphos- 
phates 
hexose phosphates + 
able— adenylic acid 
Non-H=non-hydrolyzable— _2,3-diphosphoglycer- 
ate 


* Fraction: 
EH = easily hydrolyzable— 


hydrolyz- 


RESULTS 


1. Effect of citrate. Heparin and defibrination 
were substituted for citrate in preventing coagula- 
tion of rabbit blood. The pH and the concentra- 
tion of glucose were maintained similar to those 
found in blood stored in ACD. As indicated in 
Table I, the decrease in cellular organic phosphate 
compounds and the increase in inorganic phos- 
phate proceeded at the same rate in the three types 
of storage media. 

2. Effect of plasma. A comparison was made 
of human blood stored in the usual manner and 
blood from the same donor with weekly replace- 
ment of plasma with fresh ACD plasma. The 
changes in phosphate partition, reticulocyte matu- 
ration, osmotic fragility, and anaerobic glycolysis 
in erythrocytes which occurred during 28 days 
of storage were identical in the two systems. 
Furthermore, post-transfusion survival measure- 
ments of blood whose plasma was replaced weekly 
(Figure 1b) indicated a viability after four weeks 
of storage (65 per cent and 69 per cent) within 
the range found with ACD blood stored according 
to the regular procedure (40 to 70 per cent). 

In a second series of experiments, the effect of 
“old” plasma on the storage of human red cells 
was tested. Blood was drawn into ACD, im- 
mediately centrifuged, and its plasma was replaced 
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with ACD plasma removed from a blood which 
had been in storage for four weeks. The chemical 
measurements showed that the old plasma ap- 
parently did not accelerate nor inhibit the cellular 
alterations occurring over a period of three weeks 
storage, and viability studies indicated 87 per cent 
and 89 per cent survival after three weeks, values 
to be expected for this storage interval (Figure 
la). 

Since it has been suggested by Reid and Ryan 
(5) that a dialyzable compound is present in hu- 
man serum which has an inhibitory effect on the 
phosphate metabolism of erythrocytes, red cells 
were stored with plasma previously dialyzed with 
agitation for three hours against 0.9 per cent NaCl. 
The rates of osmotic fragility and cellular phos- 
phate changes in these cells during three weeks 
storage were similar to the control cells with non- 
dialyzed plasma. 

Similar studies in which plasma was replaced 
immediately by a mixture containing 10 per cent 
albumin, 1 per cent NaCl, and 1 per cent glucose 


b. Fresh Plasmo Replocement. 
Storage 29 Doys 


0. Replacement. 
«Storage 21 Days 


% SURVIVAL 


4. Leucopenio (425/mm?). 
Storage 29 Doys 


% SURVIVAL 


10 20 30 40 0 10 20 30 40 
DAYS AFTER TRANSFUSION 
Fic. 1. Post-TRANSFUSION SURVIVAL MEASUREMENTS OF 
Storep Human 
The shaded areas represent the survival range as de- 
termined in our laboratory of normal blood stored in ACD 
for 21 or 29 days. 


j 
| | — 
(R-?2) 
80 
20 
Dn Storage 2! Doys 
20 


TABLE II 


The effect of leucocytes on human erythrocyte 
phosphates during storage 


White count mg. P/100 ml. erythrocytes 


(cells/cu. mm.) 


and days storage Inorganic Total EH* DH* Non-H* 
700 
0 day 4.81 65.83 9.50 5.41 46.11 
24 day 31.50 48.27 4.91 1.01 10.85 
83,000 
0 day 5.82 66.20 14.81 8.61 36.20 
23 day 28.35 52.40 8.10 5.06 10.89 


* See legend, Table I. 


at pH 7.2 as a suspending solution for erythro- 
cytes during storage showed changes in red cell 
phosphates identical with those of regular ACD 
storage over a period of 31 days. 

3. Effect of leucocytes and reticulocytes. The 
influence of such metabolically active cells as leu- 
cocytes and reticulocytes upon the progression of 
the storage lesion in erythrocytes was studied. 

Changes in phosphate partition were measured 
in a group of patients with white counts elevated 
to 83,000 cells per cu. mm. and in patients with 
agranulocytosis, with counts as low as 700 cells 
per cu. mm. Illustrative data on two of these 
bloods are shown in Table II. Such extremes of 
white count, whether involving granulocytic or 
lymphocytic cell types, had no significant effect 
on the rate or degree of erythrocyte phosphate 
changes. Post-transfusion survival determinations 


TABLE III 


The effect of reticulocytes on rabbit erythrocyte phosphate 
alterations during storage 


mg. P/100 ml. erythrocytes 
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Inor- Or 


Days 
Sample storage ganic ganic EH* DH* Non-H* 
Normal 
3.0% retics 0 7.35 81.18 10.44 6.45 64.29 
22 45.18 22.46 1.34 3.29 17.83 
High retic 
0.6% retics 0 8.51 98.58 17.91 8.86 71.81 
22 53.84 24.55 1.47 5.32 17.76 
Normal: High 
retic = 1:1 
12.4% retics 0 8.41 87.53 12.46 9.42 65.65 
22 49.06 26.17 1.81 4.19 20.71 
Normal: High 
retic = 3:1 
10.8% retics 0. 7.89 81.50 11.50 7.28 62.72 
22 43.53 25.51 1.82 4.17 19.52 


* See legend, Table I. 
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of two normal bloods from which most of the leu- 
cocytes had been removed on the day of phlebo- 
tomy (counts of 2,600 cells per cu. mm. and 425 
cells per cu. mm.) showed 95 per cent viability 
after three weeks of storage and 54 per cent after 
four weeks (Figure lc, d), values within the range 
of unaltered ACD blood. Similar in vitro and in 
vivo evidence was obtained with rabbit erythro- 
cytes prepared with low and high leucocyte counts. 

In an attempt to evaluate further the importance 
of competition for essential nutrients, large num- 
bers of reticulocytes were mixed with normal 
blood. Effects of storage on the phosphate par- 
tition of the cells in blood mixtures containing 
variable amounts of reticulocytes are shown in 
Table II. While higher values for cellular adeno- 


TABLE IV 


The effect of hemolysates on human erythrocyte 
phosphates during storage 


mg. P/100 ml. erythrocytes 


Inorganic Total EH* DH* Non-H* 
1 day 
Control blood 5.03 48.68 7.54 4.36 31.75 
Blood + Hem. 
with stroma 5.29 51.46 7.67 4.38 34.12 
Blood + Hem. 
w/o stroma 6.34 48.38 7.67 3.98 30.39 
23 day 
Control blood 27.75 40.66 3.98 2.34 6.59 
Blood + Hem. 
with stroma 27.94 45.42 4.90 2.62 9.96 
Blood + Hem. 
w/o stroma 28.26 40.00 3.33 1.16 7.25 


* See legend, Table I. 


sine polyphosphates and 2,3-diphosphoglycerate 
were found initially in the reticulocyte-laden blood, 
the values of all of the samples at three weeks 
were essentially the same. Normal rabbit blood, 
tagged with radioiron, to which large numbers of 
reticulocytes had been added (final concentration 
of 20 per cent reticulocytes) showed a survival of 
65 per cent and 70 per cent after three weeks of 
storage as compared with a viability of 63 per cent 
and 60 per cent of the same blood stored for three 
weeks without reticulocytes. 

4. Effect of hemolysis. Hemolysates of whole 
blood with and without stroma were added to hu- 
man blood and were shown to have little effect on 
the progression of erythrocyte phosphate changes 
(Table IV). It appeared that through 12 days 
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of storage, the presence of an hemolysate contain- 
ing stroma somewhat retarded the breakdown of 
the cellular organic phosphates, although after 23 
days this effect was less marked. 


DISCUSSION 


The problem of blood preservation is the prob- 
lem of the maintenance of a complex metabolic 
unit, the erythrocyte, in a limited im vitro environ- 
ment. Lower temperatures decrease the rate of 
metabolic processes and therefore the requirements 
of the erythrocytes. Translated into terms of sur- 
vival, cells preserved at 37° C. in ACD maintain 
viability for only one to two days, at 4° C. for three 
to four weeks, and at subzero temperatures possi- 
bly for several months (6). The present series of 
investigations is concerned, however, with a de- 
lineation of the storage damage and its etiology 
regardless of the temperature. The dependence 


of the metabolizing erythrocyte upon glucose has 
been clearly established, and an adequate supply of 
glucose in the studies reported herein eliminate 
this from further consideration. Inasmuch as via- 
bility and phosphate partition measurements on 


erythrocytes equilibrated during storage with oxy- 
gen, nitrogen, or air gave similar results, the latter 
gas environment was considered satisfactory and 
was used throughout the experiments. The pres- 
ent study was undertaken to determine 1) if 
plasma substances other than glucose could be 
shown to have demonstrable effect in supporting 
erythrocyte metabolism during storage, or 2) if 
harmful substances are present or accumulate in 
the plasma as a result of cell metabolism or break- 
down or plasma-cell interaction during storage. 

It has been shown that the replenishment of 
stored blood with fresh plasma, and storage with 
dialyzed plasma, “aged” plasma, or an albumin- 
glucose-NaCl solution had no demonstrable effect 
on cell preservation. These observations do not 
indicate the presence of other important available 
nutrients in plasma which become depleted during 
storage and thereby contribute to storage dam- 
age. This is consistent with the finding that 
erythrocytes tolerate preservation in a synthetic 
medium nearly as well as in whole blood (7). 
Although it has not been demonstrated that the 
plasma contains metabolites other than glucose 
for red cell preservation, this in no way excludes 
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the role of the plasma in vivo as a transport mecha- 
nism for such essential metabolites between the 
erythrocyte and other body tissue. 

When blood coagulation was prevented by means 
other than citrate, no improvement was found in 
storage characteristics of the red cell. Thus, al- 
though citrate may bind plasma metals other than 
calcium, there is no evidence that this is deleterious 
to stored blood. Likewise, leucocytes, reticulo- 
cytes, hemolysates, and “aged” plasma did not 
accelerate the degenerative process in the red cell. 
It is not surprising that the concentration of me- 
tabolic products of the cellular elements does not 
appear to cause the storage lesion, since previous 
studies (7), using large volume diluents, have not 
shown improved erythrocyte preservation. 

The evidence indicates that these alterations in 
the extra-erythrocyte environment have little ef- 
fect on the erythrocyte during storage and would 
rather focus attention on the intrinsic metabolic 
failure of the erythrocyte during storage. 


SUMMARY 


The role of the extra-erythrocytic environment 
in the production of the storage lesion in the ery- 
throcyte has been investigated. Damage to the 
stored erythrocyte has been measured by osmotic 
fragility, phosphate partition, and viability after 
transfusion. There was no evidence of a deleteri- 
ous effect of citrate, plasma, leucocytes, reticulo- 
cytes or hemolysates. Throughout there was a re- 
markable consistency in the appearance of the 
chemical changes measured and in loss of viability 
of the erythrocyte. It would appear that when 
blood is stored at 0 to 4° C. in ACD, the storage 
lesion in the erythrocyte bears little relation to its 
surrounding medium. 
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The progressive morphological and biochemical 
alterations which develop in the erythrocyte dur- 
ing im vitro storage are not the result of cell 
aging in a physiological sense (2), nor do they 
appear to be induced by harmful substances in the 
extra-erythrocyte environment (3). Rather, the 
“storage lesion” is considered to be a primary 
metabolic failure of the in vitro erythrocyte. The 
various measurable abnormalities are regarded 
only as indicators of this metabolic lesion, since no 
single abnormality in itself has been shown to be 
critical to cell viability. 

Since the red cell derives its energy primarily 
from carbohydrate metabolism, the glycolytic 
scheme and associated high energy phosphate com- 
pounds would seem important in a consideration 
of an abnormality which progresses to ultimate 
loss of cell viability. Furthermore, it has been 
shown that characteristic changes appear in the 
glycolytic structure of the erythrocyte during stor- 
age (4) which can be correlated with the post- 
transfusion survival of blood. In this study of 
the reversibility of the storage lesion, the phos- 
phate partition, particularly adenosine polyphos- 
phates, was employed as an indicator of the meta- 
bolic potential of the cell. The significance of 
these measurements was evaluated by the post- 
transfusion survival of the stored erythrocytes. 


MATERIALS AND METHODS 


Rabbit blood was collected by intracardiac puncture 
using sterile precautions and stored at 4° C. in ACD 
(acid-citrate-dextrose) as previously described (2). 

Exchange transfusion in the rabbit was performed by 
the simultaneous injection of stored blood into the ear 
vein and removal of blood from the cannulated femoral 


1 This investigation was supported in part by research 
grants from the United States Atomic Energy Commis- 
sion (Contract AT (45-1)-343) and United States Public 
Health Service (Contract H-1179(C1)). A preliminary 
report has appeared (1). 


artery. The recipient cell mass had been tagged previ- 
ously by the injection of fresh rabbit erythrocytes 
containing labeled hemoglobin (Fe5®). Thus the exact 
amount of exchange of the recipient’s erythrocytes with 
stored blood was calculated from the decrease in circulat- 
ing radioactivity immediately after the exchange trans- 
fusion. The subsequent destruction of stored blood over 
the following 12 hours was calculated from the increase 
in the specific activity of erythrocytes since only the non- 
radioactive transfused cells were destroyed at an increased 
rate. With this type of short-term experiment in ani- 
mals, the reversal of the biochemical changes in the 
stored erythrocytes was investigated. 

In man, studies were undertaken to determine the 
ability of an erythrocyte, after an initial period of stor- 
age and transfusion, to withstand a second period of in 
vitro storage. Patient 1 (H. S., Type A) with aregen- 
erative anemia was transfused repeatedly over a period of 
three weeks with Type O blood which had been in storage 
for three weeks. Blood was then withdrawn from H. S. 
and stored for three weeks before transfusion into a Type 
A recipient. The survival of the Type O cells was deter- 
mined in the second recipient by the differential agglutina- 
tion technique. Patient 2 (K. K., Type O) with aregen- 
erative anemia was given 20 units of three-week stored 
Type O cells over a period of 10 weeks. At the comple- 
tion of these transfusions, when it was almost certain that 
all of his circulatory erythrocytes were composed of red 
cells which had undergone three weeks of storage, a unit 
of blood was collected from the patient, stored for three 
weeks and transfused to two Type A recipients. Thus, in 
each instance, normal blood was followed through an 
initial three week period of storage in vitro, a period in 
a recipient, a second three week interval of in vitro stor- 
age, and its subsequent survival in a second recipient. 

Procedures for the measurement of phosphate parti- 
tion, osmotic fragility, mechanical fragility, radioiron proc- 
essing and counting, and post-transfusion survival of 
erythrocytes with the agglutination and radioiron tech- 
niques have been described elsewhere (2). 


RESULTS 


I. In Vitro Reversibility of Storage Lesion 


In vitro experiments in which stored human 
and rabbit blood was incubated at 37° C. for one 
to two hours showed no significant metabolic re- 
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TABLE I 


Erythrocyte phosphates after in vitro and in vivo incubation 
of stored rabbit blood 


mg. P/100 ml. erythrocytes 


Inor- 
ganic 


Or- 
ganic EH* DH* Non-H* 


17 day stored blood 36.84 
Recipient 6.24 
Stored blood after 

24 hrs. incubation: 


33.33 3.76 4.76 24.81 
76.55 9.20 7.27 60.08 


In vitro control 13.35 7.28 2.22 040 4.66 
Peritoneal cavity 5.51 18.99 5.36 3.89 9.74 
Pleural cavity 5.16 40.61 7.83 3.50 29.28 
Fraction: Predominant constituent: 
* EH—easily hydrolyzable (adenosine polyphosphates) 
DH—difficultly hydrolyz- (hexose phosphates, ade- 
able nylic acid) 


Non-H—non-hydrolyzable 


(2,3-diphosphoglycerate) 
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storation. These manipulations included incuba- 
tion of 16 to 21 days stored blood with old plasma, 
fresh plasma, and a synthetic medium composed of 
a Krebs-Ringer bicarbonate solution containing 
150 mg. per cent glucose and 5 per cent albumin. 
Mechanical and osmotic fragilities remained ab- 
normal. The organic phosphates, including ATP, 
were not appreciably restored by incubation. It 
is noteworthy that after incubation in all mixtures, 
the high inorganic phosphate retained within the 
erythrocyte during storage against a concentra- 
tion gradient favoring the passage of the ion, was 
partially released into the surrounding media. 
This was probably related to membrane permea- 
bility changes at higher temperatures (5). 


II. In Vivo Reversibility of Storage Lesion 
A, Extravascular environment 


In order to simulate more closely the normal 
red cell environment, erythrocytes, either enclosed 
in a differentially permeable membrane or as free 
cells, were placed in the body cavities of the rab- 
bit. A typical experiment is shown in Table I. 
Defibrinated rabbit blood stored in ACD for 17 
days was divided into three 10 ml. aliquots. Ali- 
quot No. 1, contained in a sterile cellophane sac 
(8/32 inch diameter), was suspended in a Krebs- 
Ringer bicarbonate solution containing 200 mg. 
per cent glucose and incubated at 37° C. Aliquot 
No. 2 was placed in a cellophane sac which was 
introduced into the peritoneal cavity of a rabbit. 
Aliquot No. 3 was injected into the pleural cavity 
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of the same animal. Phosphate partitions of these 
fractions were determined after 24 hours. Alli- 
quot No. 1 showed a further reduction of cellular 
organic phosphates, but the accumulated inorganic 
phosphate had declined by diffusion due to in- 
creased permeability of the cell membrane at 37° 
C. Erythrocytes within the cellophane sac in the 
peritoneal cavity showed a normal inorganic phos- 
phate content, some regeneration of adenosine 
polyphosphates, but further depletion of other or- 
ganic phosphate, notably 2,3-diphosphoglycerate. 
In the blood which was free in the pleural cavity, 
the cellular inorganic phosphate declined to nor- 
mal values and significant improvement was noted 
in the easily hydrolyzable and non-hydrolyzable 
phosphate fractions. This could be ascribed either 
to cellular repair or removal of defective erythro- 
cytes since the amount of free blood in the chest 
cavity had decreased slightly over the 24 hour 
period. 

It was evident, however, that there was a par- 
tial reconstitution of the phosphate compounds 
after exposure of the erythrocytes to in vivo en- 
vironments as compared with the im vitro environ- 
ment, although the magnitude of the restorative 
changes was limited. 


TABLE II 


Phosphate partition of stored rabbit erythrocytes after 
exchange transfusion 


mg. P/100 ml. erythrocytes 


DH* 
Inor Or- and 

ganic ganic EH* Non-H* 
I. Stored blood—0 day 6.5 68.7 8.9 59.8 
Stored blood—16 days 324 35.0 4.7 30:3 
Recipient rabbit 43 852 133 724 


Stored blood—after 
exchange transfusionf: 


min 9.2 42.5 9.7 32.8 

3 hrs 22 120 6437 

6 hrs. 1.0°. 68:2: 13.0 $23 

11 hrs. 91 163. 136 637 

II. Stored blood—0 day 1.5. 709.92 

Stored blood—16 days 36.5 35.8 6.7 29.1 

Stored blood—after 

exchange transfusionf: 

0 35.9 51.1 6.9 44.2 

15 min. 17.0 52.8 8.1 44.7 

30 min. 9.4 58.4 8.9 49.5 

45 min. 4.6 59.8 S07 

60 min. 3.4 64.7 103 54.4 


* See legend, Table I. 

{By appropriate correction, the values represent the 
stored transfused cells only with the exception of the 11 hrs. 
values which include a slight reticulocyte contribution. 
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130+ 


1204 


100- 


4% HEMOLYSIS 


OAY STORED 
EQUILIBRATED 


RECIPIENT 


1.0 


Fic. 1. 


Osmotic FRAGILITY MEASUREMENTS OF STORED Bioop 30 


Minutes, 3 Hours, anp 6 Hours AFTER EXCHANGE TRANSFUSION Com- 
PARED WITH STORED BLoop EQUILIBRATED IN VITRO WITH FRESH PLASMA 


B. Intravascular environment 


1. Exchange transfusion in animals: In order to 
follow the metabolic alterations of the stored ery- 
throcyte subsequent to its return to active circu- 
lation, it was necessary to replace a large fraction 
of an animal’s erythrocytes by stored blood. In 
the first exchange transfusion 67 per cent of the 
red cell mass of a normal rabbit was replaced by 
blood stored in ACD for 16 days. During the en- 
suing 11 hours, 20 per cent of the transfused cells 
were destroyed, and the values reported are cor- 
rected so that they represent only the transfused 
cells (Table II). Regeneration of the organic 
phosphate compounds of stored blood had begun at 
30 minutes and was essentially completed at 6 
hours, the values approaching those of the recipient 
animal. The accumulated cellular inorganic phos- 
phate, which changed even more rapidly, exhibited 
a considerable decline explicable by a simple dif- 
fusion out of the cell as well as reutilization to a 
lesser extent. At 11 hours there was an increase 
of reticulocytes to 17 per cent, presumably re- 
sponsible for the rise in cellular inorganic phos- 
phate. The change in organic phosphates, par- 
ticularly adenosine polyphosphates and 2,3-diphos- 


phoglycerate, was of such a magnitude that, even 
assuming that there was none in the stored ery- 
throcytes which disappeared from circulation, the 
remaining cells must also have been depleted and 
undergone a regeneration of organic phosphate. 
Osmotic fragility studies indicated a return to nor- 
mal in contrast to the partial shift towards normal 
achieved by re-equilibration of these erythrocytes 
with fresh plasma (Figure 1). A second exchange 
transfusion (Table II) illustrates the reconstitu- 
tion of the cellular phosphate partition occurring 
within the first 60 minutes. 

2. Reconstitution of stored blood in man: A sub- 


TABLE III 


Regeneration of phosphate partition of stored erythrocytes 
after transfusion in man 


mg. P/100 ml. erythrocytes 
DH* 


Inor- Or- and 
ganic ganic EH* Non-H* 
Recipient before transfusion 24 52.4 96 42.8 
Transfused cells 
(stored 3 wks.) 24.0 12.4 41 8.3 
48.4 10.7 37.7 


Recipient 3 hrs. after 
transfusion 23 


* See legend, Table I. 
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Since the final criterion must be the effect on 
post-transfusion survival, further studies were con- 
ducted in man to determine whether the metabolic 
reversal of the storage lesion also represented an 
ability of the cell to withstand further storage. 
Cells stored for three weeks were transfused to 
two patients with aregenerative anemia. 
was then withdrawn from these patients, stored a 
. second three-week interval and transfused. In one 
patient the total cell mass had been replaced by 
repeated transfusions of three week old cells. In 
the second it was possible by differential agglutina- 
tion to distinguish between the erythrocytes of the 
patient and previously transfused cells. The post- 
transfusion survival of these cells after the second 
period of storage (Figure 2) was as good as would 
be expected following a single period of storage. 
In addition, the changes in erythrocyte phosphate 
and potassium during the second storage period 


10 


DAYS AFTER TRANSFUSION 
Fic. 2. SurvivaL oF ERYTHROCYTES AFTER Two THREE- 
WEEK PERIODS OF IN ViTRO STORAGE 


Normal erythrocytes stored three weeks and transfused 
to subjects with aregenerative anemia were again with- 
drawn and stored for a second three-week period. The 
subsequent survival of 2 units of such blood from subject 
K. K. and one from subject H. S. in normal recipients as 
illustrated is equivalent to blood undergoing only a single 
period of storage for three weeks. 


ject with aregenerative anemia was transfused for 
ten weeks with three-week stored erythrocytes in 
an amount each week equivalent to two-thirds of 
the subject’s red cell mass. 
mal of the phosphate partition of the stored cells 
which occurred after each transfusion is illustrated 
in Table ITT. 


ITI, Viability Studies in Man 


The reversion to nor- 
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were somewhat less than those typical of only 
three-week storage. 


DISCUSSION 


The two major criteria of the storage lesion 
studied herein have been the alterations in ery- 
throcyte phosphate compounds, notably adenosine 
polyphosphates, and the ability of the cells to sur- 
vive in the circulation after transfusion. The phos- 
phate changes are considered to be an indicator of 
disturbed metabolism of the cell as they reflect 
changes in overall carbohydrate metabolism and 
are metabolically linked to alterations in electro- 
lytes. The post-transfusion viability is the ulti- 
mate criterion in the problem of blood preserva- 
tion and must be measured directly. 

Although the reported results do not delineate 
the origin of the storage lesion, they do indicate 
that when the stored erythrocytes are replaced in 
active circulation, the changes due to storage can 
be rapidly reversed. Depending upon the dura- 
tion of storage, certain red cells become non-viable 
and rapidly leave the circulation. With ACD 
preservative this phase of destruction is complete 
within the first 24 to 48 hours, and thereafter cell 
destruction proceeds at a normal or near-normal 
rate. Thus storage damage in terms of post-trans- 
fusion survival appears to be an all-or-none phe- 
nomenon. If damage has not reached the critical 
point, the erythrocyte fragility and phosphate 
partition return to normal within a few hours. 
Maizels and Paterson (6) have observed sodium 
and potassium reconstitution under similar con- 
ditions. 

It has been further demonstrated that the cell, 
after the rapid reversal of storage changes to nor- 
mal, is able to withstand further storage as well 
as would fresh blood. Since blood stored con- 
tinuously for 40 days in ACD shows less than 20 
per cent survival, the beneficial effect of introduc- 
ing the cells into circulation midway in this storage 
interval is apparent. 

Initial attempts to produce a reversal of the 
storage lesion in vitro were unsuccessful. The 
lack of regeneration of organic phosphates under 
these conditions is reminiscent of the work of 
Ponder (7) in which the red cell was found to lack 
the ability to restore potassium in vitro after 10 

days storage. Studies in progress indicate that 
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fractions of liver tissue have some effect on the 
phosphates of stored erythrocytes, but with these 
particulates complete reconstitution has not been 
obtained. 

Pertinent to the problem of preserving red cells 
is the mechanism whereby the erythrocyte regains 
normality in the blood stream. That this is not 
due wholly to the freely diffusible nutrients which 
appear in the serous fluids is evident from the lack 
of complete regeneration of stored red cells placed 
in serous cavities. However, the fact that partial 
reconstitution was accomplished might indicate 
that the concentration or availability of such me- 
tabolites was one of the limiting factors in these 
environments. 

SUMMARY 


The biochemical storage lesion of the erythro- 
cyte has been shown to be rapidly reversible, once 
the erythrocyte is introduced into active circula- 
tion. After its reconstitution, the erythrocyte also 
regains its ability to withstand further storage. 
In vitro manipulations thus far have not produced 
the reversal demonstrable in vivo, and extra-cir- 
culatory im vivo experiments have shown only 


limited regeneration. Implications of this reversi- 
bility are discussed. 
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Numerous contributions regarding the patho- 
genesis of ascites and edema have been made since 
Starling’s first description of the balance between 
serum and tissue hydrostatic and osmotic forces. 
The original concept (1) proposed that, at equi- 
librium, serum protein osmotic pressure minus 
tissue fluid osmotic pressure equals capillary hy- 
drostatic pressure minus tissue hydrostatic pres- 
sure. Direct application of this relationship to the 
problem of ascites received relatively little atten- 
tion until recently when Mankin and Lowell (2) 
and James (3) employed this approach for the 
approximation of the degree of elevation of portal 
pressure. Further clarification of the applications 
and limitations of this principle to the pressure re- 
lationships in the formation of ascites represented 
the primary purpose of the present study. 

The importance of the serum protein osmotic 
pressure was emphasized in early studies suggest- 
ing that a critical level existed, approximately 240 
to 270 mm. H,O, below which edema would oc- 
cur (4-8) This view was questioned by Kylin, 
however, who performed plasmapheresis experi- 
ments in rabbits and was able to obtain very low 
serum osmotic pressure values without edema 
(9). However, when he added salt to the diet, 
the animals became edematous even at serum 
osmotic pressure levels near normal. The clinical 
counterpart of these experiments appears in the 
cases described in the literature (10) in which 
edema was absent at serum osmotic pressures 
below 200 mm. 

A similar concept has developed concerning the 
relationship of the serum osmotic pressure to the 
formation of ascites. Butt, Snell, and Keys (11) 
found that ascites occurred most frequently when 
the serum osmotic pressure was below 240 mm. 
Bjgrneboe, Brun, and Raaschou (12) emphasized 
this critical level and concluded that a reduced 
serum osmotic pressure was the principal factor 
in the pathogenesis of ascites and that portal hy- 
pertension played a subordinate role. As they 
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pointed out, the data were obtained from patients 
with cirrhosis following hepatitis. Other investi- 
gators (13) reached similar conclusions stating 
that ascites was probably not due to liver disease 
when the serum osmotic pressure was greater than 
300 mm. H,O. Armstrong (14) suggested a 
critical level for the “effective” osmotic pressure 
(serum osmotic pressure minus ascitic osmotic 
pressure) below which ascites occurs. 

Indirect evidence against the concept of a strict 
relationship between serum osmotic pressure and 
ascites formation has been brought forth by several 
investigators (15, 16). Evidence was obtained 
in the present study indicating that the type of 
cirrhosis is an important factor to be considered 
in evaluating the relationship between ascites and 
serum osmotic pressure levels. 


METHODS 


Osmotic pressure measurements were made on serum 
and ascitic fluid from 46 patients with various types of 
cirrhosis of the liver, and from a few patients with 
Chiari’s syndrome, idiopathic hypoproteinemia, nephrotic 
syndrome, and carcinoma of the ovary. The patients were 
maintained in a state of equilibrium by a controlled low 
sodium diet, and were neither increasing nor decreasing 
the amount of ascites. None had sufficient fluid to pro- 
duce a tightly distended abdomen. Comparisons between 
serum and ascitic fluid were made in 20 patients on 
samples obtained simultaneously. 

The apparatus! used for the measurement of osmotic 
pressure was patterned after the Hepp osmometer (17), 
and consisted of an osmotic cell, horizontal capillary, and 
water manometer. The osmotic cell was made of two 
lucite plates (87 by 87 by 19 mm.) held together with 
perforating screws. The upper plate had a circular 
hole 50 mm. in diameter, and the lower plate had a hole 
just large enough to admit the tip of the capillary. Be- 
tween the plates were a rubber gasket, membrane, and 
disc of filter paper moistened with the solution described 
below. The purpose of the filter paper (Schleicher and 
Schuell number 604, 50 mm. diameter) was to prevent 
drying of the membrane, obliterate dead space, and allow 
rapid transfer of fluid across the membrane. Its use 


1 Constructed by Mr. C. Galati (4). 
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has been recommended by numerot‘s investigators (2, 18- 
21). The horizontal capillary was a 1 ml. pipette bent 
to an L-shape. The tip of the short limb was ground 
down to fit tightly into the hole in the lower plate. The 
other end was connected to the manometer. The ma- 
nometer consisted of two long glass tubes filled with water 
and mounted vertically on a wooden frame. The tubes 
were connected to each other, to the horizontal capillary, 
and to a levelling bulb which rested on a balancing chain. 
The levels of the menisci were read on a millimeter scale 
placed behind them, and the difference between them repre- 
sented the hydrostatic pressure exerted on the solution in 
the horizontal capillary. The meniscus of this latter solu- 
tion was observed in a horizontal cathetometer. 

When the ionic strength of the solution outside the 
membrane exceeds 0.1 Molar concentration, the osmotic 
pressure is not affected by small changes in pH, carbon 
dioxide tension, or salt concentration (19, 22, 23). In 
the present experiments, 0.145 M sodium chloride was 
used as the outer solution in the filter paper and hori- 
zontal capillary. Saline has been shown to be as effective 
as an ultrafiltrate of serum, although equilibrium may 
take somewhat longer (24). In the early determinations, 
0.15 M phosphate buffer was used, but no differences were 
encountered. The membranes employed in this study 
were mostly the superdense ultrafine filters of Schleicher 
and Schuell. The diameter was 75 mm., the average 
pore size less than 5 mu, and the “T” values 2 exceeded 
506 minutes. Although these membranes were much 
slower than the more permeable “very dense” membranes, 
many of the latter were found to allow passage of serum 
proteins and were therefore unsatisfactory. The mem- 
branes were stored in 1 per cent HCI at 4° C. to prevent 
bacterial contamination. They were washed in saline 
solution for several days before being used (25, 26). 
Membranes handled in this fashion were suitable for six 
to eight weeks. In earlier determinations, membranes 
were prepared in the laboratory according to the tech- 
nique of Pierce (27), as modified by Mankin and Lowell 
(2). It was subsequently decided to use the membranes 
prepared commercially, however, since special apparatus 
for the rigid control of humidity and temperature is usu- 
ally required to obtain reproducible pore size, thickness, 
and permeability. 

For the actual measurement, 2.0 ml. of the sample were 
delivered onto the membrane, and the cell was covered. 
The manometer was then readjusted frequently until 
the meniscus in the horizontal capiliary remained station- 
ary for a minimum of thirty minutes. The usual length 
of time required to attain equilibrium was two to six 
hours. Leakage of protein through the membrane was 
suspected if the pressure was not sustained for the re- 
quired time; it was proven by detecting faint traces of 
protein in the solution in the horizontal capillary. Cor- 
rection factors for the capillarity of the horizontal capil- 


2“T” value is the time required for 100 ml. of dis- 
tilled water to flow through 100 sq. cm. of membrane 
area, at room temperature, under a pressure of 760 mm. 
Hg (Schleicher and Schuell). 
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Fic. 1. Serum Osmotic Pressure 46 Pa- 
TIENTS WITH CIRRHOSIS WITH AND WITHOUT ASCITES 
ILLUSTRATED GRAPHICALLY AND COMPARED WITH LEVELS 
Founp IN A SPECIAL SERIES REPORTED FROM DENMARK 
(12) 


lary and the hydrostatic difference between the sample 
and the outer solution level were determined by the net 
hydrostatic pressure required to prevent the movement 
of the meniscus with saline on both sides of the mem- 
branes. When the membrane is in place, the same side 
must face upward each time (24, 26). The determina- 
tions were made at room temperature since, in this type 
of osmometer, the osmotic pressure is not altered by minor 
changes in temperature (17). The error of the method 
(2 to 6 per cent) corresponds to that obtained by previous 
investigators whether or not temperature control was 
employed (2, 12, 19-22). This error was obtained by 
measuring samples of a standard 6 per cent albumin solu- 
tion ten times. The range of results was 330+7 mm. 
H.O (2 per cent error). 


RESULTS 


Serum osmotic pressure determinations in vari- 
ous types of cirrhosis are plotted in Figure 1. 
Values below 260 millimeters of water are uni- 


formly associated with ascites. In contrast to 
Bjgrneboe’s series, however, ascites also occurred 
despite serum osmotic pressure levels up to 420 
mm. of water. In an attempt to explain this ap- 
parent discrepancy, the cases were divided into 
three etiologic groups (Figure 2). In five cases 
of biliary cirrhosis (four primary and one second- 
ary), the serum osmotic pressure exceeded 340 
mm. of water. None of these patients had ascites, 
although portal hypertension was suggested in 
three by the presence of esophageal varices. In- 
cluded in the classification “cirrhosis of unknown 
etiology” are patients in whom no history of al- 
coholism or nutritional deficiencies was obtained. 
This group consists mostly of young adult females 
who have been described elsewhere (28). Some 


Mm. 
E20 
500 = 
° 
a 
400}. eo 
$ ee 8 
Fs ° 
& e 
100 = 
Ascites 
ascites 
Biliary 
nu 


Fic. 2. Comparison oF SERUM OsMoTIC PRESSURE 
MEASUREMENTS IN PATIENTS WITH VARIOUS TYPES OF 
CirrRHOSIS 

The wide spread of values associated with ascites in 
patients with alcoholic-nutritional type of cirrhosis is 
apparent. 


of the cases represented cirrhosis following infec- 
tious hepatitis. There is a rather striking parallel 
between the serum osmotic pressure values of 
these patients with ascites and those described 
by Bjgrneboe, Brun, and Raaschou (12). In both 
groups, ascites was present when the serum osmo- 
tic pressure was below 260 mm. of water, and 
absent if above this level. The patients with al- 
coholic cirrhosis, however, had ascites at levels of 
serum osmotic pressure up to 430 mm. of water. 
The studies mentioned above (12, 13) were limited 
to cases of cirrhosis following hepatitis and did 
not include those related to alcoholism. From the 
present data, therefore, it would appear that ascites 
in patients with cirrhosis who have a high serum 
osmotic pressure is more frequently associated 
with the alcoholic nutritional type. The absence of 
a good correlation between serum osmotic pres- 
sure and ascites is further emphasized in patients 
with nephrosis or idiopathic hypoproteinemia. In 
two such patients, ascites developed at very low 
serum osmotic pressure levels and disappeared 
after diuresis despite little change in these low 
values. The findings agree with those of Mun- 
twyler, Way, Binns, and Myers (10). 

Since the difference between serum and ascitic 
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fluid osmotic pressures is equal to the difference 
between the hydrosiatic pressures of these fluids 
in accordance with Starling’s hypothesis (1, 2, 
29), it seemed of interest to determine this osmotic 
difference in an attempt to evaluate the hydro- 
static difference. The degree of elevation of this 
hydrostatic difference is related to the degree of 
elevation of the portal pressure because the por- 
tal bed represents the chief venous system in equi- 
librium with the ascitic fluid. The hydrostatic 
difference thus represents the “effective portal 
pressure” and not the total portal pressure. In 
order to obtain the total portal pressure the ascitic 
hydrostatic pressure would have to be determined 
and added to the “effective portal pressure.” Dif- 
ficulties in evaluating ascitic hydrostatic pressure 
as well as the realization that other venous chan- 
nels in addition to the portal system might in- 
fluence the equilibrium with ascitic fluid, made it 
preferable not to deal with the true portal pres- 
sure in this study. The term “effective portal 
pressure” is used in quotes because of the many 
known and unknown uncertainties involved in its 
indirect estimation from osmotic pressure differ- 
ences. 

Serial determinations of the osmotic pressure 
difference between serum and ascitic fluid demon- 
strated the constancy of this difference in individ- 
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ual patients who showed little change in their gen- 
eral condition while being maintained in a steady 
state of protein equilibrium by the use of a con- 
trolled low sodium intake. In Figure 3, the serum 
and ascitic osmotic pressure values for 15 patients 
have been plotted. In 9 patients with alcoholic 
nutritional cirrhosis and in 1 patient with Chiari’s 
syndrome, the osmotic difference (effective por- 
tal pressure) exceeded 150 mm. of water. In 2 
patients with cirrhosis of unknown etiology, it was 
approximately 135 mm. of water. In Case 5, a 
porta-caval anastomosis was performed because 
of varices and refractory ascites. Postoperatively, 
the effective portal pressure fell only slightly, 
which correlated with other evidence of a poorly 
functioning shunt, namely, persistent ascites and 
a continued delayed portal circulation time of 31 
seconds (30). The results in the patient with 
carcinoma of the ovary, similar to those obtained 
by others (11, 12) indicate a normal effective 
portal pressure. 

An important limitation in the use of osmotic 
pressure measurements for the determination of 
“effective portal pressure” was found in patients 
where the serum osmotic pressure was close to or 
lower than the “effective portal pressure.” This 
situation, assuming protein equilibrium, would 
bring about a maximum reduction of ascitic fluid 
osmotic pressure until at very low serum protein 
levels the ascitic fluid would no longer reflect the 
equilibrium conditions. In the present study it 
became apparent that in those cases where the 
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Fic. 4. Serum-Ascitic FLurp Osmotic Pressure D1r- 
FERENCES IN Four DIFFERENT Types OF CASES OF CIR- 
RHOSIS WITH ASCITES 

The “effective portal pressure” is not measurable in 
types B and D because the serum osmotic pressure is 
relatively too low to give a significant ascitic osmotic 
pressure. 
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ascitic fluid osmotic pressure was less than 15 mm. 
of water no true evaluation of the hydrostatic 
forces could be made. Figure 4 shows four types 
of cases that illustrate the various relationships 
encountered. In Case A, a high serum osmotic 
pressure and a sizeable ascitic osmotic pressure 
yields an elevated value for “effective portal pres- 
sure.” In Case B, the ascitic osmotic pressure is 
too low to indicate the exact “effective portal pres- 
sure,” although it is apparent that the value is 
high. Case C illustrates a low serum osmotic pres- 
sure with a sizable ascitic fluid osmotic pressure 
giving a relatively normal “effective portal pres- 
sure.” In Case D, the ascitic fluid osmotic pres- 
sure is very low and in the presence of the low 
serum osmotic pressure little information regard- 
ing the height of the “effective portal pressure” 
can be obtained. Examples such as Cases B and 
D where the exact “effective portal pressure” can- 
not be determined are frequently encountered 
among patients with cirrhosis of the liver par- 
ticularly those with unusually low serum osmotic 
pressure levels. 


DISCUSSION 


The possibility that the formation of ascites in 
patients with the alcoholic type of cirrhosis is re- 
lated to the elevated “effective portal pressure” is 
suggested by the data obtained but remains un- 
proven. Other possibilities acting more specific- 
ally in these patients than in others, such as 
adrenal effects causing increased sodium reten- 
tion, posterior pituitary stimulation causing in- 
creased water retention, or special local abnormali- 
ties in lymphatic drainage, must be considered. 
The high “effective portal pressure” in cirrhosis 
found in this study and by Mankin and Lowell 
(2) is at variance with the concept that there is 
a generally applicable critical level of effective 
osmotic pressure below which ascites occurs (14). 

It has been demonstrated by previous workers 
that changes in either serum or ascitic fluid pro- 
tein are reflected by similar changes in the other 
fluid (2, 31, 32) indicating a free exchange of 
protein across the peritoneal membrane. This is 
certainly important for calculation of the hydro- 
static differences from the osmotic pressure differ- 
ence between serum and ascitic fluid although 
much of the equilibrium is established by rapid 
interchange of water. The dynamic exchange of 
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protein between ascitic fluid and serum was studied 
in this same group of patients by Eisenmenger 
and Slater (33) employing I ** tagged albumin 
and y-globulin. A fall in specific activity for the 
serum and ascitic fluid on a single curve indicated 
the protein equilibrium. 

The application of Starling’s hypothesis to esti- 
mate total portal pressure was suggested first by 
Iversen (29), and has been discussed further by 
Mankin and Lowell (2). Since there are several 
unknown factors, however, this relationship can- 
not be used to quantitate the actual portal pressure. 
The most obvious unknown is the hydrostatic 
pressure of the ascitic fluid, which may vary de- 
pending on the amount of abdominal distention 
produced. Although certain standard and repro- 
ducible methods can be duplicated, the question 
must be raised whether any artificial measure- 
ment of ascitic hydrostatic pressure accurately de- 
scribes the pressure exerted at the capillary mem- 
brane. Conflicting data have appeared in the 
literature in regard to the level of ascitic hydro- 
static pressure (2, 3, 29). 

Since there are porta-systemic communications 
in the posterior peritoneum as well as systemic 
venous channels, the ascitic fluid is also partially 
in equilibrium with the systemic venous bed. The 
calculated “effective portal pressure” as obtained 
by osmotic pressure measurements would be low- 
ered reflecting the extent of this communication, 
since the venous hydrostatic pressure is less by 
virtue of this connection with the systemic bed. 
Perhaps a value of the “effective portal pressure” 
particularly in relation to the total portal pressure 
measured directly at operation is that the latter is 
obtained in the large venous channels, whereas the 
“effective portal pressure” refers to the pressure 
in the capillary bed, where the level may be quite 
different (34). Certainly the term “effective por- 

tal pressure” as used in this study remains ill- 
defined. The possibility that variations in the 
lymphatic system, which is known to transport 
most of the protein leaving the peritoneal cavity 
(35), may influence the osmotic pressure differ- 
ence between serum and ascitic fluid must be con- 
sidered. Direct measurement of portal pressure 
at laparotomy was carried out in five of the pres- 
ent group of patients. Although a general cor- 
relation with the serum-ascitic fluid osmotic pres- 
sure difference appeared to exist, the observations 


were too limited to draw any conclusions. One 
definite instance was encountered in a case of 
carcinoma of the ovary where the osmotic pres- 
sure difference appeared too great for a normal 
portal pressure. No explanation was apparent 
and indicates the probability of further unknown 
factors influencing this relationship. 

Under equilibrium conditions the ascitic fluid 
osmotic pressure is primarily governed by the 
serum osmotic pressure and the hydrostatic forces 
of the abdominal venous system and ascitic fluid. 
It represents a very variable quantity that reflects 
the alterations in the other forces except where the 
osmotic pressure is less than 15 mm. of water. 
A certain minimum protein concentration is still 
found in ascitic fluid even when the equilibrium 
forces are acting in a direction that would reduce 
the ascitic fluid osmotic pressure to a maximal 
extent. In patients with ascitic fluid associated 
with peritoneal carcinoma, the serum osmotic pres- 
sure is usually only slightly reduced and the effec- 
tive portal pressure is close to normal. This 
would result in a high osmotic pressure in the 
ascitic fluid if equilibrium conditions prevail, and 
would explain the high protein content of such 
ascitic fluids without involving the concept of an 
exudate. Similarly in dogs with thoracic inferior 
vena cava constriction (31, 36) or constrictive 
pericarditis (37), the high ascitic protein concen- 
tration probably reflects this relationship between 
the serum osmotic pressure and the effective por- 
tal pressure. Thus, although Starling’s hypothesis 
may not offer the main explanation for the forma- 
tion of ascites, it nevertheless remains of great 
value in describing the equilibrium conditions and 
in accounting for the respective protein concen- 
trations of serum and ascitic fluid. 


SUMMARY AND CONCLUSIONS 


1. Osmotic pressure measurements of the serum 
of patients with cirrhosis of the liver indicated that 
ascites was associated with levels ranging from 
the low value of 148 mm. H,O to the high value 
of 418 mm. H,O. The higher levels of serum 
osmotic pressure were found primarily in patients 
with the alcoholic nutritional type of cirrhosis. 
In other types, the presence or absence of ascites 
appeared to be more directly related to a critical 
serum osmotic pressure level. 
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2. An attempt at estimation of the “effective 
portal pressure’”’ was made by determination of 
the difference between serum and ascitic fluid 
osmotic pressures in accordance with the Starling 
hypothesis, a steady state being maintained by 
means of a controlled low sodium diet. 

3. The “effective portal pressure” could be 
estimated only if the serum osmotic pressure ex- 
ceeded it by an amount sufficient to give a sig- 
nificant ascitic fluid osmotic pressure. This con- 
ditioning factor limited the application of these 
measurements. Other limitations are discussed. 

4. High values for “effective portal pressure” 
were obtained in patients with cirrhosis forming 
ascites in the presence of high serum osmotic pres- 
sure levels. 
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STUDIES GN CORTISONE AND ANTIBIOTICS FOR PROMPT 
THERAPEUTIC CONTROL OF TYPHOID FEVER 
AND SCRUB TYPHUS 


By C. L. WISSEMAN, Jr., P. Y. PATERSON, J. E. SMADEL, F. H. DIERCKS, 
AND H. L. LEY, Jr. 


(From the Department of Virus and Rickettsial Diseases, Army Medical Service Graduate 


Prior to the use of chloramphenicol in the treat- 

ment of patients with typhoid fever the mor- 
tality rate in this disease was almost 10 per cent 
and approximately one-fourth of the deaths were 
attributable to the toxic-febrile state (1). Chlor- 
amphenicol has been shown to control the bac- 
teriologic manifestations of typhoid fever within 
a matter of hours but the toxemia has responded 
more slowly to the specific antibiotic (2-4). In- 
deed, fever and general toxemia generally have 
continued unabated or are even somewhat in- 
tensified (2, 3, 5) for two or three days after 
antibiotic therapy has been instituted. The ob- 
servations of our group (6, 7) indicated that 
cortisone, when used either alone or along with 
chloramphenicol, brought prompt relief of sub- 
jective and objective acute febrile manifestations 
of typhoid fever. Moreover, others have made 
similar observations in such patients treated with 
ACTH and chloramphenicol (8, 9). 

The present report is concerned primarily with 
additional studies on the use of a combined corti- 
sone-chloramphenicol regimen in the treatment of 
typhoid fever patients, and, secondarily, with re- 
lated studies on the use of the same therapeutic 
combination in the treatment of scrub typhus pa- 
tients. In both of the diseases, but particularly in 
the former, the studies have been oriented toward 
attempts to understand the factors concerned with 
the toxic-febrile reactions displayed by acutely ill 
patients and the physiological mechanisms by 
which these may be alleviated. 


MATERIALS AND METHODS 
Typhoid Fever 


Selection of patients: All patients included in this study 
were treated on the wards of the General Hospital, Kuala 
Lumpur, Federation of Malaya. Each exhibited pyrexia 
and typical manifestations of severe typhoid fever; in 
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every instance a positive blood culture was obtained prior 
to treatment which was instituted between the ninth and 
sixteenth days of disease. The 18 patients mentioned in 
this report included 6 males and 12 females who ranged 
in age from 7 to 35 years. 

Treatment: All patients received both chloramphenicol 1 
and cortisone 2 orally. The regimens listed below were 
those given to Asian adults who weighed about 45 Kg.; 
children received proportionately smaller doses. 

In each instance the antibiotic was administered accord- 
ing to a fixed schedule in two courses as follows: A first 
course consisting of 3.0 Gm. initially, followed by main- 
tenance doses of 1.5 Gm. at 12-hour intervals until the 
patient had been afebrile for 48 hours; and a second course 
consisting of 1.5 Gm. every 12 hours for eight doses, be- 
ginning on the eighth day after completion of the first 
course. 

Cortisone was administered according to several sched- 
ules in order to learn more about its effect and optimal 
dosage.2 Thus, the patients were divided into five groups 
on the basis of the duration of cortisone treatment. The 
four patients in Group I received an average total dose of 
10.7 mg. cortisone per Kg. of body weight during a single 
day of steroid therapy. For 45 Kg. adults this dose 
amounted to a total of 500 mg. cortisone of which 300 mg. 
were administered with the initial dose of chlorampheni- 
col, and 200 mg. 12 hours later. Groups II (five pa- 
tients), III (six patients), and 1V (one patient) received 
cortisone twice daily over periods of 2, 3, and 4 days, 
respectively; here the amount of drug on a body weight 
basis was somewhat smaller (8.1 to 6.4 mg. per Kg. dur- 
ing the first day) than in Group I. For an average Asian 
adult these dosages amounted to a total of 300 mg. on the 
first day, 200 mg. on the second, and 100 mg. on the third 
and fourth days. The regimen was so arranged that the 
morning dose was approximately twice that given on the 


1 Supplied by Parke, Davis and Company. 

2 Supplied by Merck and Company, Incorporated. 

8 Oral administration of the 25 mg. tablets of cortisone 
acetate, which were employed throughout the study, was 
originally troublesome in stuporous patients and in chil- 
dren because the tablets quickly became soft and adhered 
to the palate or tongue. This difficulty was avoided 
after it was found that the tablets disintegrated readily 
in water to form a suspension which could then be given 
orally with a medicine dropper. 


evenings of the first and second days, but the amounts 
supplied on subsequent days were divided equally between 
the morning and evening. The two patients in Group V, 
who were cared for late in the study, received smaller 
amounts of this drug at more frequent intervals, i.e., 50 
mg. doses of cortisone at 6-hour intervals until the tem- 
perature returned to normal; subsequently the hormone 


was given at 12-hour intervals. Full details of the treat- 
ment regimens employed with all patients are included in 
Appendix A. 

Care of patients: Clinical and laboratory procedures 
employed in this study were similar to those used previ- 
ously by our group in Malaya (2, 7, 10). Members of 
the team administered the drugs personally and took the 
patients’ temperatures frequently during the initial re- 
sponse to treatment. Pyrexia in patients with typhoid 
fever was defined, in accordance with previous reports, 
as an oral temperature of 99° F. or above. Blood cul- 
tures were made during the first few days of therapy, on 
the two days immediately prior to the second course of 
chloramphenicol, and in any subsequent febrile period. 
Relapses of typhoid fever were treated with chloram- 
phenicol alone, and other complications by appropriate 
measures. Public health regulations for release of con- 
valescent typhoid fever patients in Malaya require that 
three consecutive stool and urine cultures taken at weekly 
intervals be free of Salmonella typhosa. In order to 
minimize the possibility that negative cultures were the 
result of continued antibiotic suppression instead of a 
bacteriological cure, collection of specimens for culture 
from convalescent patients awaiting discharge was not 
begun until five days had elapsed since the last dose of 
chloramphenicol. An additional stool culture was ob- 
tained from those patients who reported for a follow-up 
examination two weeks after discharge from the hospital. 


Scrub Typhus 


Selection of patients: The patients in this study, with 
one exception, were healthy young adult male volunteers 
who had been inoculated intradermally with a few infec- 
tious units of the Karp strain of Rickettsia tsutsugamushi 
while serving as members of control groups in an in- 
vestigation dealing with immunization against scrub typhus 
(11, 12). Each of these volunteers bears the same iden- 
tifying code number here that was used in the other 
reports. Since these reports contain many of the details 
of the course of the disease of each volunteer, including 
laboratory proof of scrub typhus infection, only informa- 
tion which is pertinent to the present study will be men- 
tioned here. 

Care of patients: As the inoculated volunteers became 
ill they were placed alternately into two groups,‘ te., 


4Group A includes volunteers C-10, C-11, C-13, C-14, 
C-17, C-19, and C-23. Group B includes volunteers C-9, 
C-12, C-15, C-16, C-18, C-20, C-21, and C-22. Volun- 
teers C-21, C-22, and C-23 were inoculated at one time 
with 90 mouse minimal infectious doses while the re- 
mainder were inoculated on a different day with 60 mouse 
minimal infectious doses. 
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Group A (seven patients) who received chloramphenicol 
alone and Group B (eight patients) who received cortisone 
in addition to the antibiotic. Each volunteer of both 
groups was given specific antibiotic therapy after approxi- 
mately 48 hours of sustained fever which was regarded as 
an oral temperature of 100° F. or higher in the ambulant 
person.5 The course of treatment with chloramphenicol 
consisted of an initial 3.0 Gm. oral dose followed by 1.5 
Gm. amounts 12 and 24 hours later. Members of Group 
A were given no additional medication, but those of 
Group B also received a total of 500 mg. of cortisone 
given orally in amounts of 300 mg. and 200 mg., respec- 
tively, along with the first two doses of antibiotic. The 
single patient with naturally acquired scrub typhus, a 
British soldier hospitalized at the British Military Hos- 
pital, Kinrara, near Kuala Lumpur, was treated on the 
seventh day of disease with the same chloramphenicol- 
cortisone regimen used for the volunteers. 


RESULTS 
Typhoid Fever 


Results of the therapeutic studies are sum- 
marized in Table I and are presented in detail 
for each patient in Appendix A. Since all patients 
received essentially the same course of chloram- 
phenicol, which usually renders typhoid patients 
afebrile in about four days, emphasis will be placed 
on the effect that different regimens of cortisone 
had on the course of the disease during the first 
few days of treatment. 

Prompt control of pyrexia and toxemia by com- 
bined therapy: Rapid and dramatic defervescence 
was observed in all patients in the present study 
who received the large dose of cortisone, 1.e., 
Groups I through IV in Table I. The average 
time required for these patients to become afebrile 
after receiving the first oral dose of cortisone and 


5 Fever was defined as a sustained oral temperature 
above 99° F. in early studies of therapy of patients with 
naturally acquired scrub typhus who were first seen after 
some days of high fever and who were content to remain 
in bed or on limited activity for a reasonable period after 
therapy. Later, however, it was found that this cri- 
terion did not suffice to distinguish abnormal temperature 
in volunteers inoculated with Rickettsia tsutsugamushi. 
These persons remained ambulatory and quite active in 
the tropical environment during the incubation period and 
frequently exhibited oral temperatures above 99° F. even 
during the period prior to the test. Furthermore, since 
they were treated within 48 hours after the onset of clinical 
disease and, hence, experienced little or no debilitation, 
the volunteers refused to remain in bed for more than a 
few hours after therapy was instituted. Under these cir- 
cumstances, an oral temperature of 100° F. or above more 
accurately indicates a real deviation from normal. 
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TABLE I 
Summary of responses of typhoid fever patients to treatment with chloramphenicol and cortisone: 


Comparison with patients treated with chloramphenicol alone 


First 
normal 
temp. after 
cortisone 
(hours)* 


Duration 

cortisone 
Rx Number of 

patients 


Group (days) 


Duration 
fever after 
escape from 
cortisone 
(days)* 


Duration 
afebrile 
period due 
cortisone 
(hours)* 


therapy 
(days)* 


Present study 


22.5 3.5 
49.6 1.9 
1.8 

1 


Perm. afebrile after cortisone 


Other studies 


4 155 


45 
500 


Perm. afebrile after cortisone 
No cortisone given 
No cortisone given 


* Average value for group. 


+ Average of the four patients who had recrudescence of fever; two patients were permanently afebrile after cortisone. 
t Data on intramuscular cortisone and chloramphenicol from Reference 7. 


§ Combined data from References 2 and 10. 
|| From data of Reference 4. 


antibiotic was six hours. The three charts in Fig- 
ure 1 illustrate graphically the accelerated de- 
fervescence. 

Signs and symptoms commonly attributed to 
toxemia decreased along with defervescence. 
Thus, a patient who was in a semi-stuporous 
febrile state at noon when therapy was begun, 
might be sitting up in bed, smiling and showing 
interest in his surroundings at 6:00 p.m. Even 
Patient 18, who was markedly toxic with pro- 
nounced stupor, tachycardia and incontinence of 
urine and feces, improved distinctly within a few 
hours after initiation of therapy. 

The defervescence, which began shortly after 
therapy was instituted, was precipitous in all 
patients of the first four groups and in about half 
of these the temperature fell to hypothermic levels, 
i.e., below 96° F. orally. During the period of 
marked hypothermia experienced by Patient 9, 
whose chart is shown in Figure 1, the rectal tem- 
perature fell to 94° F. Of the 10 patients whose 
temperature fell below 96° F., 4 attained a mini- 
mum between 95° and 95.9° F., and 4 between 
94° and 94.9° F.; in 2 patients the minimum tem- 
perature was 93.8° F. The skin of patients with 
marked hypothermia was cold and clammy (sweat- 
ing was profuse during defervescence). These 
persons responded slowly to commands and ex- 


hibited pronounced intention tremors. If asleep, 
they were awakened with difficulty. However, 
there was no evidence of cardio-vascular collapse 
since the pulse was slow and strong and the blood 
pressure normal or even slightly elevated. After 
a few hours the temperature rose and the signs 
associated with hypothermia disappeared, leaving 
no residual deleterious effects. Hypothermia fol- 
lowing cortisone administration was more frequent 
among children than adults of this series; it oc- 
curred in seven of the nine children between 7 and 
14 years of age and in three of the nine older pa- 
tients. This phenomenon is not peculiar to pa- 
tients treated with cortisone although it may be 
more pronounced in them. It may be recalled that 
some degree of hypothermia, at times sufficiently 
severe to warrant remedial measures, has been 
known to occur during early convalescence of un- 
treated typhoid fever patients (13) and, more 
recently, in patients treated with chloramphenicol 
alone (3, 14). 

The two patients included in Group V in Ap- 
pendix A received smaller doses (50 mg.) of oral 
cortisone at intervals of six hours in an attempt 
to avoid the extremely rapid change in tempera- 
ture. Despite the fact that defervescence in Pa- 
tient 17 occurred somewhat more slowly than usu- 
ally observed in patients in Groups I through IV, 
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afebrile 
EHH 
. I 1 4 §5 4.8 
ll 2 5 6.0 3.8 é 
Ill 3 6 6.0 t 4.2 
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3] 0 4.5 
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DAY OF DISEASE 


Fic. 1. Fever CHARTS IN CHLORAMPHENICOL TREATED 
Tyrnor Fever PATIENTS RECEIVING CoRTISONE FOR ONE, 
Two AND THREE Days. 

Note: Interrupted vertical line on charts 4 days after 
institution of therapy indicates average duration of fever 
in patients treated only with chloramphenicol. 


a minimum temperature of 95.6° F. was attained 
12 hours after the initial dose. Patient 18 re- 
sponded more slowly and at no time was a tem- 
perature below 97.8° F. recorded. 

Duration of antipyretic effect of cortisone: In 
all nine of the patients in Groups I and II who 
received cortisone for one or two days, and in 
four of the six in Group III who were given the 
hormone for three days, fever, headache and other 
manifestations of toxemia reappeared within 18 
to 72 hours after combined therapy was instituted. 
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For convenience, this prompt return of the febrile- 
toxic state will be referred to hereafter as “escape” 
from cortisone effect in order to differentiate it 
from relapse in patients treated with chloram- 
phenicol; the latter has been associated with re- 
turn of demonstrable bacteremia and generally oc- 
curred some days after antibiotic therapy was dis- 
continued. 

The escape phenomenon became manifest in 6 
to 24 hours after the last scheduled dose of corti- 
sone had been administered to the patients in 
Groups I and II; the average time was 16 hours 
for the former and 20 for the latter. Stated dif- 
ferently, the durations of the afebrile periods in- 
duced by cortisone were 22.5 and 49.6 hours, re- 
spectively, for the two groups, while the average 
times of escape for the groups were 28 and 56 
hours after the beginning of therapy, see Table I 
and Appendix A. 

The patients in Group III presented no such 
consistency as regards escape. In the first place, 
two of the six members never displayed the phe- 
nomenon ; they progressed to uneventful recovery. 
Among the four who suffered a return of fever and 
toxemia, three demonstrated these findings some 
hours before the last dose of hormone (Patients 
10, 11, 15, see Appendix A) while the fourth 
(Patient 14) reacted in this manner 12 hours after 
the end of cortisone therapy. Several factors prob- 
ably contributed to the irregularity of the phe- 
nomenon in this group of patients who received 
the hormone for three days. In the first place the 
patients were approaching the period, i.e., the 
fourth day, when the antibiotic effect alone would 
have rendered them afebrile, see Table I; hence, 
a proportion of the group might be expected to 
avoid the escape phenomenon. A potential factor 
is the possibility that a given dose of cortisone may 
be less effective in controlling the febrile-toxic 
state on the third day than on the first day of 
treatment. Thus, in Patient 17, 100 mg.* corti- 


6 The temperatures of three patients (numbers 10, 11, 
and 15) in Group III, i.e., those who received the 3-day 
cortisone regimen, showed a distinct upward trend on the 
third day of steroid therapy and experienced the onset of 
the escape phenomenon just before or shortly after the 
last dose of cortisone. This suggested that the amount 
of hormone given the patients on the third day was in- 
adequate; hence, the two patients in Group V were given 
smaller doses at 6-hour intervals in the initial phase of 
therapy in the attempt to prevent the abrupt defervescence 


: 
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TABLE II 


Duration of bacteremia in typhoid fever patients after 
institution of combined cortisone- 
chloramphenicol therapy 


No. patients 
with positive 
cultures 


No. patients 


Time of culture cultured 


2 hours before Rx begun 
24 hours after Rx begun 
48 hours after Rx begun 
72 hours after Rx begun 


* Not cultured at 48 hours. 


sone produced a rapid defervescence from 103.2° 
F. to 95.6° F. on the first day of therapy while on 
the third day the same dose was followed instead 
by a rise in temperature from 98.6° F. to 100.2° F. 

The data presented in Table I and the charts in 
Figure 1 show that the patients in the present 
study who escaped from the effects of cortisone 
progressed to recovery along courses essentially in- 
distinguishable from those of patients in earlier 
studies who were treated with chloramphenicol 
alone. The former became permanently afebrile 
in about the same length of time from the start of 
therapy as did the latter patients. 

Laboratory studies: Table II summarizes the re- 
sults of blood cultures taken during the first 72 
hours after institution of therapy. With one ex- 
ception, blood cultures were negative after the first 
24 hours of therapy. The single culture which 
yielded S. typhosa at 72 hours was from Patient 
9, the youngest of this series, who later suffered 
a relapse. None of the blood cultures taken im- 
mediately prior to the second course of chloram- 
phenicol was positive, a finding of considerable 
interest since earlier studies (10) had shown that 
this time marked the beginning of the period in 
which relapses with recurrence of bacteremia were 
most prone to occur. 

Stool cultures in five patients were positive for 
S. typhosa on one or more occasions after therapy 
was begun. In two cases the pathogen was found 
on the second and fourth days, respectively, of the 


and 1.5 to 2 times as much steroid on the third day as on 
the first in the attempt to prevent escape. It is of interest 
that the smaller more frequent doses of the drug pro- 
duced, on the first day, rapid defervescence in one patient 
of Group V; but in the other patient, by far the most 
severe case in this series, the action was less rapid. 
Furthermore, the large dose on the third day was in- 
adequate to prevent escape. 
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initial course of chloramphenicol; and in another, 
on the day following the last dose of the first 
course. One patient had three positive stool cul- 
tures immediately prior to the second course of 
antibiotic but subsequent cultures were negative. 
The feces of two patients, one of whom had a posi- 
tive stool culture on the fourth day of the initial 
course of therapy, were positive on a single occa- 
sion after completion of second courses of anti- 
biotic. The chronic carrier state did not develop 
in any of the patients during the period of ob- 
servation, an average of 31 days after the last dose 
of chloramphenicol. 

Total eosinophil counts were of no value in 
estimating the hormonal response since 12 of the 
18 patients had no demonstrable eosinophils prior 
to the first dose of cortisone. The counts of the 
remaining six patients were 22, 22, 37, 121, 275, 
and 300 eosinophils per cu. mm. at the time therapy 
was begun, and dropped sharply after the first 
dose of cortisone. Since eosinophil counts are gen- 
erally low in typhoid fever (15) and since such 
tests were employed here in an attempt to evaluate 
the initial cortisone effect, they were not extended 
beyond the first few days of observation. 

Complications and relapse: There was no in- 
stance of overt intestinal hemorrhage in this series 
of cases. Only in the case of Patient 18 did symp- 
toms and signs suggest a small intestinal perfora- 
tion. This occurred on the 45th day while the pa- 
tient was receiving chloramphenicol for a relapse 
of typhoid fever. The signs and symptoms disap- 
peared with continued administration of chloram- 
phenicol alone. Pneumonitis was present when 
treatment was begun in two cases, both of whom 
received penicillin in addition to antityphoid ther- 
apy. One other patient exhibited a marked bron- 
chitis which improved without additional therapy. 
Acute cholecystitis complicated the convalescence 
of Patient 2 with symptoms beginning on the 59th 
day of disease. A stool culture positive for S. 
typhosa just four days prior to onset of symptoms 
suggested the possibility of typhoidal etiology in 
this complication. 

Bradycardia was common during the first few 
days of convalescence. This can hardly be classed 
as a complication since the older literature on ty- 
phoid fever states that true bradycardia, in contrast 
to the relative bradycardia early in the disease, was 
not uncommon during early convalescence of un- 


11 0 
13 


treated cases (13). It is of interest that premature 
convalescence induced by chemotherapy may also 
be accompanied by the marked slowing of the heart 
rate. 

Irregularity of the pulse was noted in four pa- 
tients one to three days after initiation of therapy. 
It was the clinician’s impression that the irregu- 
larity in all four cases resulted from dropped beats. 
Indeed, an electrocardiographic tracing obtained 
from a patient showing this sign demonstrated 
second degree heart block in the form of a typical 
Wenckebach’s phenomenon. This condition dis- 
appeared spontaneously in the four patients in from 
one to nine days after onset. Cardiac irregulari- 
ties were by no means rare in typhoid fever pa- 
tients before the era of specific therapy; irregu- 
larity and intermittency (16, 17), heart block and 
changes in the ventricular complexes in the elec- 
trocardiogram (18), and a high incidence of pro- 
longation of the P-R interval (19, 20) were all 
described. Furthermore, arrhythmias have been 
noted recently in typhoid fever patients treated 
with chloramphenicol alone (21). Since the elec- 
trocardiographic changes encountered in cases be- 
fore the days of antibiotics were more frequent dur- 
ing the second and third weeks of disease, it would 
be difficult to ascribe the cardiac irregularities 
noted in the present series, which occurred at a 
corresponding period, to the effects of therapy 
alone. On the other hand, the possibility that 
some animal tissues may exhibit unusual responses 
to bacterial products while under the influence of 
the cortisone must be admitted (22). 

Relapses, with proven bacteremia in each in- 
stance, occurred in 3 of the 18 patients; these epi- 
sodes began 8, 9, and 21 days, respectively, after 
completion of the second course of chlorampheni- 
col. Response to readministration of chloram- 
phenicol was prompt. This incidence of relapse 
does not represent a significant deviation from the 
combined relapse rates observed by previous groups 
using chloramphenicol alone (23) and is inter- 
mediate between the relapse rates noted by John 
and Vinayagam (24) for continuous and for in- 
termittent schedules of chloramphenicol therapy. 
Marmion (3), on the other hand, recently ob- 
served relapses in 41 of 97 patients treated on a 
very similar schedule of interrupted antibiotic 
therapy. In contrast, there was only one relapse 
among the 21 patients of Marmion who received a 
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10-day course of typhoid vaccine concurrent with 
the interrupted antibiotic regimen. This author 
calls attention to the higher relapse rate among 
patients treated early in the disease as compared 
with those treated late but does not indicate the 
exact day of disease upon which therapy was be- 
gun in his large series of cases. One suspects that 
his patients, military personnel, were hospitalized 
and treated at an earlier stage of the disease than 
were the civilians of the present study in whom 
therapy was begun, on the average, on the 12th 
day of disease. Observations on patients with 
scrub typhus clearly indicate that relapses are com- 
mon in those treated within the first few days of 
illness but rare in those treated during the second 
week (25); it is possible that an analogous phe- 
nomenon may be found in typhoid fever. 


Scrub Typhus 


The response of patients with scrub typhus to 
combined therapy with cortisone and chloram- 
phenicol is compared with the response to chlor- 
amphenicol alone in summary form in Table III. 
The febrile-toxic state terminated in the usual 
rapid manner in the volunteers treated only with 
antibiotic; but those who were given supplemen- 
tary cortisone experienced even more rapid allevia- 
tion of their illness. Thus, volunteers of Group A, 
who received chloramphenicol, were afebrile in an 
average of 21.7 hours while those of Group B, 
who received the combined cortisone-chloram- 
phenicol regimen, were afebrile in an average of 
6.7 hours. The charts of selected volunteers are 
presented in Figure 2. Marked symptomatic im- 
provement accompanied the fall in temperature 
and within a few hours after institution of therapy 
it was difficult to persuade most of these volun- 
teers to stay in bed. In a few patients, however, 


TABLE III 


Comparison of combined cortisone-chloramphenicol regimen 
with chloramphenicol alone in the treatment of 
volunteers infected with the Karp 
strain of scrub typhus 


Response to treatment: 
Treatment ist normal tempera- 
ture after Rx 

Number Corti- Chloram- (hours) Number 

sone phenicol of 
Group patients (mg.) (Gm.) Average Range relapses 

A 7 0 6 va Be 13-40 1 

B 8 500 «6 6.7 4-14 4 
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ve 
DAY OF DISEASE 

Fic. 2. Fever CuHarts oF WITH SCRUB 
Tyrnus, SELECTED TO ILLUSTRATE (a) HypoTHERMIC 
RESPONSE TO CHLORAMPHENICOL THERAPY ALONE, (b) 
PosstpLE Escape PHENOMENON, AND (c) RELAPSE 


regression of headache was not quite as rapid as 
defervescence. 

None of these patients experienced such marked 
hypothermia as did some of the typhoid fever pa- 


tients. Almost half of the scrub typhus patients 
treated with antibiotic alone exhibited an oral 
temperature as low as 96° F. for a short time after 
therapy; this is illustrated by the temperature 
curve of volunteer C-19 in Figure 2. The chart 
of volunteer C-20 (Figure 2) was selected for 
presentation partly because it demonstrated a 
minimum temperature as low as that attained in 
any of the cortisone-treated group. 

Some patients experienced a recurrence of fever, 
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toxemia and rickettsemia shortly after termination 
of therapy. Such a sequence of events, which is 
interpreted here as relapse, is illustrated by Volun- 
teer C-12 in Figure 2; he showed a characteristic 
step-wise increase in fever over a period of several 
days. One of the seven patients treated with chlor- 
amphenicol and four of the eight volunteers who 
received cortisone in addition to antibiotic showed 
relapse of this type. The observed relapse rate in 
the cortisone-treated group was numerically greater 
than that of the group treated only with chloram- 
phenicol. However, in this small series, the dif- 
ference was not statistically significant ; nor was the 
rate greater than that of another group of volun- 
teers similarly infected with a different strain of 
scrub typhus rickettsiae the previous year and 
treated with the short course of antibiotic, but 
without cortisone (26). 

A picture exactly analogous to the escape from 
cortisone exhibited by some of the typhoid fever 
patients was not observed among the scrub typhus 
patients, possibly because the rapid response to 
antibiotic therapy itself in scrub typhus leaves little 
time for such occurrences. Volunteer C-20 (Fig- 
ure 2) and the patient with naturally acquired 
scrub typhus (Figure 3) were the only instances 
in which escape may have occurred. However, it 
should be pointed out that the occasional patient 
treated with the short course of antibiotic alone 
may show a similar brief return of fever after 
cessation of therapy. ‘ 

Rickettsemia has been observed by previous 
groups to persist for as long as 48 hours after in- 
stitution of specific antibiotic therapy; the intro- 
duction of cortisone to the therapeutic regimen 
did not alter this phenomenon, 

The single case of naturally acquired scrub ty- 
phus treated with the combined cortisone-chlor- 
amphenicol regimen was a 20-year-old British 
soldier with full-blown disease of seven days dura- 
tion. A graphic summary of this case appears in 
Figure 3. Defervescence occurred as promptly 
in this individual as in the patients who had been 
febrile for only 48 hours when treated. More- 
over, the minimum temperature attained was no 
lower than in those treated early. 


DISCUSSION 


The practical need for control of toxemia in 
typhoid fever is emphasized by the experience of 
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Stuart and Pullen (1), who found it a major cause 
of death in patients given only non-specific sup- 
portive treatment, and by the continued reports of 
some deaths associated with toxemia despite chlor- 
amphenicol therapy (3, 5, 27). The results of 
the present study confirm the earlier findings (6, 
7), te., that administration of cortisone in the 
initial phases of chloramphenicol therapy induced, 
within a few hours, a rapid and dramatic regres- 
sion of the clinical manifestations of the febrile- 
toxic state in typhoid fever. Indeed, the oral 
preparation of hormone employed in the current 
investigation produced its effects with greater 
rapidity than did the intramuscular preparation 
used in the earlier studies. The prompt clinical 
improvement induced by cortisone without inter- 
ference with the bacteriologic control afforded by 
chloramphenicol suggests that this hormone may 
be administered profitably to those typhoid fever 
patients who are so ill at the time antibiotic ther- 
apy is begun that the physician may anticipate 
death of the patient in the three or four days that 
separate initiation of antiobiotic therapy from the 
defervescence and detoxification that ordinarily 
follow this treatment. The combined experiences 
of our groups in over 30 patients treated with 
a cortisone-chloramphenicol regimen provide the 
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background for our opinion that it is desirable to 
shorten the toxic-febrile state in so far as possible 
in the critically ill typhoid patient. These pa- 
tients stand in contrast to those with disease of 
mild to moderate severity who respond satisfac- 
torily to antibiotic therapy alone. 

The mechanisms by which cortisone produces 
its effects in typhoid fever remain essentially un- 
known. Of some interest, however, is the escape 
phenomenon noted in patients in whom cortisone 
administration was discontinued a day or so be- 
fore the anticipated occurrence of the defervescence 
induced by the antibiotic. The alleviatory effect 
of cortisone on typhoid pyrexia is transient and 
appears to dissipate itself within a day after the 
last oral dose of hormone. The short duration 
of the cortisone effect is in general agreement with 
published studies (28) of the duration of cortisone- 
induced eosinopenia in normal subjects. The pres- 
ent observations indicate that cortisone does not 
eradicate the cause of the toxic state and suggest 
that it exerts no direct neutralizing action on the 
typhoidal toxins; the latter is in accord with re- 
sults of animal experiments (29). Furthermore, 
the persistence of bacteremia in patients treated 
with cortisone alone (6), despite clinical improve- 
ment, has shown that there is no suppression of 
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the growth of the organism by the hormone. The 
observed effects would appear, then, to be brought 
about by an action on the host through physio- 
logical mechanisms. It is worth re-emphasizing 
that neither the antibiotic nor the hormone “cure” 
the patient; they merely buy time for him to 
develop the immune mechanisms necessary for 


permanent recovery and to repair the pathologic 
injuries of disease. 

The toxic typhoid patient does not display the 
signs of a patient suffering from acute adrenal 
cortical insufficiency, except possibly for the rare 
occurrence of a state resembling the Waterhouse- 
Moreover, the de- 
fervescence observed in typhoid fever patients 
in response to administration of ACTH (8, 9, 
31) suggests a reasonable degree of adrenal cor- 


Friderichsen syndrome (30). 


tical reserve function even in these severely ill 
It is, therefore, unlikely that adminis- 
tered cortisone produces the observed effects by 
simple replacement therapy according to the cus- 
tomary connotation of this term. 

The eosinopenia noted in the majority of the 
18 patients in the present series, though suggestive 
of adequate adrenal function, is difficult to assess, 
since bacterial pyrogens are known to produce leu- 
kopenia, eosinopenia and subsequent leukocytosis 
(“alarm reaction” blood picture) in adrenalec- 
tomized dogs (32). 

There is an increasing number of reports, re- 
cently reviewed by Thomas (33), of spontaneous 
infections arising in the course of cortisone ther- 
apy and of the enhancement and dissemination of 
experimental infections under the influence of this 
steroid. The exact nature and relative importance 
of the factors involved in the cortisone-altered host 
response to infection remain ill-defined. Thus, 
rapidly spreading and widely disseminated infec- 
tions, with bacteremia, are produced in animals by 
organisms which normally cause only localized 
infections (34, 35), yet the polymorphonuclear 
leukocytes present are still capable of phagocytosis 
and some of the blood-clearing mechanisms ap- 
parently continue to operate (34-36). In contrast 
to such bacterial infections, Aikawa and Harrell 
(37) observed that cortisone had a life-prolonging 
effect in guinea pigs infected with R. rickettsii; 
however, the ultimate mortality rates were the 
same in the treated and control groups. Contra- 
dictory reports have been forth-coming on anti- 
body production (33-35, 38), but the reaction of 
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antibodies with antigens is not prevented and 
previously immunized animals continue to show 
some degree of resistance to infection while under 
the influence of this steroid (33, 35). It is worth 
noting that the enhancement of infection in ex- 
perimental animals, which are not given the benefit 
of specific antimicrobial measures, is usually great- 
est when cortisone is given over relatively long 
periods of time and when administered prior to the 
introduction of the infectious agent (33). Rela- 
tively little work has been reported which deals 
with experimental infection in animals treated con- 
currently with cortisone and antibiotics. There- 
fore, the observations of Glaser and Loeb (39) 
are of particular interest in connection with the 
present study. These authors observed that rats 
with streptococcal pneumonia had less severe dis- 
‘ase when given cortisone and penicillin than did 
infected animals which received only penicillin. 

In the typhoid fever patient adequately treated 
with chloramphenicol, multiplication and spread 
of the invading micro-organism are quickly con- 
trolled (2, 10, 23). The experience gained in the 
earlier studies (6, 7), and in the present investi- 
gation indicates that the addition of cortisone to 
the antibiotic regimen does not interfere with the 
rapid disappearance of S. typhosa from the blood. 

Protection against death from bacterial toxins 
which is afforded by cortisone is rather striking 
in the case of experiments with adrenalectomized 
animals (40, 41). On the other hand, a similar 
protective effect is not so readily observed in ani- 
mals with normal adrenals to whom extra cor- 
tisone is given (29). Although these animal ex- 
periments are of considerable interest, they do not 
help to clarify our understanding of the relief of 
the clinical manifestations of the toxic-febrile state 
elicited in man by cortisone. 

The febrile-toxic state of scrub typhus was re- 
lieved as rapidly by cortisone administered in con- 
junction with chloramphenicol as was the similar 


state in typhoid fever. However, since the re- 


sponse of scrub typhus to specific chemotherapy is 
usually very rapid, the cortisone effect in this dis- 


ease is primarily of academic interest. Recently, 
similar findings have been reported (42) in pa- 
tients with another rickettsial disease, i.¢., Rocky 
Mountain spotted fever, which generally responds 
more slowly to antibiotic therapy than does scrub 
typhus. 
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SUMMARY 


Eighteen typhoid fever patients were treated 
between the 9th and 16th days of their disease with 
chloramphenicol and with different schedules of 
oral cortisone in order to learn more about the 
effects of the steroid in this disease. In addition, 
the responses of eight scrub typhus patients treated 
with a uniform regimen of combined cortisone- 
chloramphenicol therapy were compared with those 
of a comparable group of seven patients who re- 
ceived antibiotic therapy alone. 

The clinical manifestations of the febrile-toxic 
state in typhoid fever and in scrub typhus dis- 
appear in about six hours after initiation of such 
a combined therapeutic regimen. In both diseases 
defervescence is accompanied by a general sense 
of well-being and an improved appetite which sim- 
plifies maintenance of an adequate liquid and ca- 
loric intake during the acute phases of the diseases. 

Control of bacteremia was prompt in typhoid 
fever treated with the combined regimen and was 
comparable in all respects to cases treated with 
chloramphenicol alone. The incidences of relapse 
and of complications did not appear to be influ- 
enced by the inclusion of cortisone in the thera- 
peutic regimen. 

The antipyretic effect of a single dose of oral 
cortisone was temporary and fever recurred in 
typhoid patients unless administration of this hor- 
mone was continued, Experience with the differ- 
ent dosage schedules of cortisone in patients with 
this disease who were receiving uniform antibiotic 
therapy indicated that, in order to avoid recrude- 
scence of symptoms, administration of the steroid 
must be continued for a period of time which cor- 
responds to that required for patients to become 
afebrile with a regimen consisting solely of chlor- 
amphenicol, 7.c., about four days. 

Since the response of scrub typhus to antibiotic 
therapy is generally very prompt, the accelerated 
defervescence afforded by cortisone in this disease 
is primarily of theoretical interest. On the other 
hand, selected severe cases of typhoid fever may 
benefit by the administration of cortisone during 
the period normally required for the patient to be- 
come afebrile from the antibiotic therapy. The 
importance of adequate control of infection by 
simultaneous specific chemotherapy is emphasized 
in patients receiving cortisone. 

The mechanisms by which cortisone controls the 
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toxic-febrile state in these diseases remain un- 
known; however, the observations of others with 
animals are discussed in the light of our clinical 
experience with men. 
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TYPHOID FEVER AND SCRUB TYPHUS 
AHPENDIX A. 


CHLORAMPHENICOL COMBINED WITH DIFFERENT SCHEDULES 
OF ADMINISTRATION OF ORAL CORTISONE IN TYPHOID FEVER 


G PATIENT TREATMENT RESPONSE TO TREATMENT SEROLOGY 
R|wol ace | sex |wr.joavor] corTISONE | CHLORAMPHENICOL CORTISONE EFFECT | LAST DAY | COMPLICATIONS” | TyYPHOID‘O" 
KG. | FEBRILE AGGLUTININ 
BEGUN| =MG./KG. | COURSE | TOTAL | BEGAN, HR] ENDED, HR. ONSET Tiver? 
U DRUG _| AFTER AFTER | AFTER| TYPE | DAY OF 
First R | FIRST R | FIRST DISEASE 
P om. ACUTE | CONV. 
F 10 7 15 36 18 R 49 40 80 
4 2] 16 F 193 16 49.5 | 61.5 4 28 6 B,C 17,59 1280} 640 
I/ 3] 32] M /41 13 12. 6 19:5 | 31.5 6 34 4 40 20 
F 14 22.5 | 34.5 8 32 4 H <10 320 
AVERAGE’ 12 10.7 5.5 28 4.8 
10] F 12 17 25 6 54 a H 2560 160 
6| 25) M |56] 13 {5.43.6 7 22.5 | 34.5 4 60 4 H 160 160 
tr 7} 10| M |22] 16 |9.1/3.4 4 7 13 4 60 3 I, 19 160 80 
6] 10; F |23] 10 |87/65 ¥ 17 25 8 48 4 80 160 
9| 7 M | 14 |88/5.9 7 8 56 4 R,H 39 80 320 
AVERAGE 3 68.1 5.1 6.0 56 3.8 
10} 28 | F |33] {67/45/23 22.5 | 34.5 8 32 6 80 160 
16 | F 10 1.7 7 22.5 | 34.5 8 48 4 H 160 320 
12} 18 | F 9 |7.5)50/25 3 13:5 | 355 6 80 80 
I} 13) M 15 |6.9/4.3) 2.6) 5 13.0} - 41 20 80 
14] F |7.7/4.8/29) 6 15.0 | 23.0 4 H 2560 | 1280 
15} 9 F I7] 14 7 8.8 14.8 8 56 + I,H 15 160 80 
AVERAGE "1.8 7044 23 6.3 52* 29 
16] 21 | m [a7] 4 [135] 255} 6 | - | « | | 40] 80 
17} 14 25] 10 |6.04.0/8.0 Ls 17.8 10 160 320 
18} 14) F [33] 12 |4.5)6.1]9.1 8 17 38.5 48 72 BIRP|11,4,39,45) 80 160 


* KEY TO COMPLICATIONS : R= RELAPSE > B= BRONCHOPNEUMONIA; C =CHOLECYSTITIS; I= CARDIAC IRREGULARITY,; 
Pe» INTESTINAL PERFORATION , H= HYPOTHERMIA. 


**SsuM OF DRUG GIVEN IN FIRST AND SECOND GOURSE AND IN RELAPSE. 
+ RECIPROCAL DILUTION. 
* AVERAGE OF THE FOUR PATIENTS WHO ESCAPED FROM CORTISONE . 
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CHROMATOGRAPHIC SEPARATION OF THE SODIUM-RETAINING 
CORTICOID FROM THE URINE OF CHILDREN WITH 
NEPHROSIS, COMPARED WITH OBSERVA- 

TIONS ON NORMAL CHILDREN *? 


By JOHN A. LUETSCHER, Jr., ann BEN B. JOHNSON 


WITH THE ASSISTANCE OF 


ANNE DOWDY, JULIA HARVEY, W. LEW, anv L. J. POO 


(From the Department of Medicine, Stanford University School of Medicine, 
San Francisco, Calif.) 


(Submitted for publication August 7, 1953; accepted October 2, 1953) 


Previous studies in this laboratory have indi- 
cated that a high degree of sodium-retaining ac- 


tivity may be present in chloroform extracts of 
urine of certain patients with edema (2-6). When 
patients with the nephrotic syndrome are treated 


with ACTH or cortisone, the increased excretion 
of sodium in the urine is associated with a reduc- 
tion in the sodium-retaining activity of the lipid 
extract (4, 5). Comparable extracts of urine of 
normal children or adults show slight activity and 
may even promote the excretion of sodium in the 
bioassay used. When the dietary intake of sodium 
is decreased, a moderate increase in sodium-re- 
taining activity of the urine extract may be ob- 
served. 

These findings suggest that the sodium-retain- 
ing activity of the lipid extract may reflect a stimu- 
lus to conserve sodium. Further studies of the 
origin, regulation, and funetion of the observed 
sodium-retaining activity require more definitive 
study of the material responsible for this biological 
activity. Some observations on fractionation of 
active extracts by displacement chromatography 
(7) and by paper partition chromatography have 
indicated that the sodium-retaining activity is 
due to an unidentified corticoid which contains 
more oxygen than desoxycorticosterone (6). Sys- 
tematic analysis of highly active extracts by 
chromatography was therefore undertaken to ob- 

1 This project was supported by research grants (HG- 
163 and A-119) from the National Heart Institute and 
the National Institute of Arthritis and Metabolic Dis- 
eases, Public Health Service. 

2 A brief report of these studies was read before the 45th 
Annual Meeting of the American Society for Clinical In- 
vestigation, Atlantic City, May 4, 1953 (1). 


tain further information on the nature of the 
sodium-retaining component (1, 8). 


PATIENTS 


The five children with the nephrotic syndrome showed 
generalized edema, proteinuria, hypoalbuminemia, and hy- 
perlipemia at the time of urine collection. These patients 
excreted less than 1 mEq. of sodium in the urine. Die- 
tary intake ranged between 5 and 17 mEq. of sodium per 
day. All patients responded to subsequent treatment with 
ACTH, cortisone, or hydrocortisone with a diuresis and 
reduced proteinuria. Two patients have subsequently re- 
covered, two still show evidences of active renal disease, 
and one died of pulmonary embolism. 

Four normal male children served as controls. All 
received an unrestricted intake of sodium and water dur- 
ing the period of urine collection. Table I presents some 
pertinent data. 


METHODS 


Urine was collected as 24 hour specimens without pre- 
servative and held at 4° C. At the end of a collection 
period of one to five days, it was pooled and either ex- 
tracted or frozen. Several observations showed a loss of 
sodium-retaining activity in specimens which had been 
allowed to stand over chloroform at 4° C. for more than 
a few days. 

Urine was acidified to pH 1.0 with concentrated hydro- 
chloric acid and was extracted with four aliquots of 0.2 
volume of chloroform. The chloroform extracts were 
combined and washed twice with 0.1 volume of N/10 solu- 
tion of sodium hydroxide and once with 0.1 volume of 
water. The chloroform was dried over anhydrous sodium 
sulfate and evaporated to dryness in vacuo at 40° C., and 
the residue was taken up in 95 per cent ethanol. This 
“washed extract” has been kept for more than a year at 
4° C. with little loss of sodium-retaining activity. 

The alkali and water “washings” were acidified and re- 
extracted with chloroform, which was then dried and 
evaporated. The residue was stored in ethanol. 

Extracts and appropriate standards were analyzed by 
chromatography, following the techniques of Burton, Zaf- 
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TABLE I 


Clinical data and urine findings 


Urine 
Age volume 
Patient years Sex cc./24 hr. 


Bioassay 
ug. DOCA equiv. 
per 20 mins. 


Sodium 
mEq./ 24 hr. 


Protein 
24 hr. 


Group I: Nephrosis with edema 


Normal 


3 M 
RG 3 M 255 
RA M 

1 M 


faroni, and Keutmann (9) and of Bush (10). Filter 
paper sheets (Whatman No. 1) 12.5 cm. by 35 to 45 cm. 
were washed with 95 per cent ethanol. A cut was made 
from the bottom of the sheet to a point just above the 
starting line to form two limbs. The urine extract (in 
amount equivalent to 400 to 1,000 minutes of urine col- 
lection) was placed on one limb. Known crystalline ster- 
oids were placed on the other limb to serve as standards. 
When the chromatogram had been developed by flow of 
the moving solvent the paper was dried in a stream of 
warm air. A contact print was made on photographic 
paper following the method described by Haines (11), 
using a source emitting light at 254 mu. This photograph 
served as a permanent record and as an indicator of the 
positions of standard steroids and unknown components 
absorbing ultraviolet light. The paper was cut to separate 
the bands demonstrated in the photograph. These sec- 
tions of paper were eluted with 95 per cent ethanol. 
Ultraviolet absorption curves were determined in a 
Beckman DU _  spectrophotometer. The optical density 
contributed by the paper appeared as a steeply falling 
curve with absorption maximum less than 212 me (Figure 
10). This paper blank did not interfere seriously with 
the measurements if appreciable quantities of steroid were 
present and if the paper had been thoroughly pre-washed. 


TABLE II 
Standard corticosteroids and symbcls used 


Sodium-retaining in bioassay 
11-desoxvcorticosterone 
17-hydroxy-11-desoxycorticosterone 

Sodium-diuretic in bioassay 
11-dehydrocorticosterone 
Corticosterone 
17-hydroxy-11-dehydrocorticosterone 
17-hydroxy-corticosterone 

**Tetrahydro”’ compounds 
Allopregnane-—3,11,21-triol-20-one 
Allopregnane—3,17,21-triol-20-one 
Allopregnane—3,17,21-triol-11,20-dione 
Allopregnane—3,11,17,21-tetrol-20-one 


DOC 
S (Reichstein) 


A (Kendall) 
B (Kendall) 
E (Kendall) 
F (Kendall) 


R (Reichstein) 
P (Reichstein) 
D (Reichstein) 
V (Reichstein) 


Since the absorption maxima of @,8-unsaturated ketones 
(about 240 m#) and of paper blank (less than 212 me) 
are different, and when the ratio of absorption at 240 
and at a shorter wave length (e.g., 220 m#) is known, 
a correction for paper blank can be applied to the density 
at 240 mz, yielding the density due to steroid. The cor- 
rected density (D’.,4.) has been translated to concentration, 
using Emax. = 15,800 (12, 13). When eluates contained 
material which gave absorption curves or maxima other 
than those expected from paper or from an a,8-unsaturated 
ketone, no estimate of concentration has been made, as 
indicated in the charts by a question mark. . 

Reduction of neotetrazolium by the various eluates was 
measured by a micro-modification of the technique of 
Mader and Buck (14). 

Bioassay of sodium-retaining activity was carried out 
by a modification by Johnson (15) of methods previously 
described (3). This assay is based on the excretion of 
sodium and potassium by nine adrenalectomized rats, the 
effect of the “unknown” being compared with the effect 
of the control solvent and of 5 ug. of desoxycorticosterone 
acetate. Confidence intervals (95 per cent) have been 
calculated by statistical analysis of assays using known 
doses of DOCA between 0 and 10 #g. as the “unknown.” 
The bioassay data presented are calculated from changes 
in the potassium to sodium ratio, which gives a more pre- 
cise estimate than that calculated from sodium output 
(15). In the range of dosage used, the main effect of 
DOCA and of active extracts and fractions from urine is 
a reduction of sodium excretion, while increases in po- 
tassium excretion are less striking. 

In this assay, the 1l-oxysteroids (Kendall’s A, B, E, 
and F) produce an increased output of sodium, which is 
reflected in the assay calculation by an estimate sig- 
nificantly less than zero dose. Of the adrenocortical 
steroids tested, only 11-desoxycorticosterone and several 
derivatives lacking oxygen on C-11 (e.g., Reichstein’s S) 
cause retention of sodium. Table II indicates symbols 
used in text and figures. 
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; ; GJ 2 M 196 1.7 0.9 8.4 
Ck 4 F 765 7.3 0.4 8.1 
MR 5 M 593 4.8 0.5 8.2 
; LM 7 M 365 4.8 0.8 7.8 
’ DM 7 M 220 3.1 0.3 8.4 ; 
Group Il: : 
0.5 
~ 91.2 —0.5 
84.3 -0.3 
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where (3) indicate that proteinuria is not an im- 
portant factor in the sodium-retaining activity of 
the extract. 

“Washing” of the chlorotorm extract with so- 
dium hydroxide solution removed most of the pig- 
ments and much of the bulk of the urine extract 
without loss of sodium-retaining activity. No ac- 
tivity was recovered from the alkali-soluble ma- 
terial on re-extraction and bioassay. 

Chromatography in toluene and propylene gly- 
col was used to fractionate the “washed extract.” 
Representative chromatograms on patient G. J. 
are presented in Figures 1 to 3 and summarized in 


Bio- 


KNOWN 
ASSAY: 


COMPOUNDS 


E 100 yg. 
S 100 yg. 


Cg Hs. CH3: C3He (OH)2 
2HRS. PaPER: 35cm. 


G. J. 
Time Run: 


CHROMATOGRAM OF URINE Ex- 
DESOX YCORTICOSTERONE 
ToLUENE: PRopyLENE 


Fic. 1. 
TRACT (LIMR ON 
(STANDARD LIMB ON 
For Two Hours 


DESCENDING 
RIGHT) AND 
LEFT) IN 


Compounds absorbing ultraviolet light are shown as 
light areas on the negative photographic print. The 
chromatogram was subsequently cut along the lines ex- 
tending from each side. -The results of bioassays of the 
eluates from each section of the urine chromatogram are 
indicated on the right. Significant sodium-retaining ac- 
tivity is shown by a + mark in the fraction moving more 
slowly than DOC. No significart sodium-retaining effect 
(QO) was observed in the eluates in which free DOC pre- 
sent in the urine extract would be found. 


RESULTS 
I. Patients with the Nephrotic Syndrome 


The urine of these five patients yielded extracts 
of high sodium-retaining activity equivalent to be- 
tween 7.8 and 84 yg. of DOCA per 20 minutes 
of urine (Table I). 
pear to have any clear effect on the activity of the 
extract (Table 1). Some data presented else- 


Urine volume does not ap- 


G. J. 
Run: 


Gg Hs. CH3. (OH)o 
IS urs. Paper: 35cm. 


Fic. 2. DEscENDING CHROMATOGRAM OF URINE Ex- 
TRACT (LIMB ON RIGHT) AND STANDARDS (LIMB ON LEFT) 
IN ToLUENE: PropyLENE GLycoL For FIFTEEN Hours 


The sodium-retaining activity (Bioassay +) appeared 
in the eluate of a fraction running at a rate equal to or 
slightly greater than cortisone (E). No significant so- 
dium-retaining effect was found in the fraction corre- 
sponding to S. The expected positions of B and A were 
calculated from the position of S by the known ratio of 
mobilities. 


DOC 
oa Gf | 


Figure 4. In Figure 1, the solvent front is at the 
bottom of the paper strip, which thus contains all 
of the original extract. The least polar fraction 
at the bottom of the paper did not contain ap- 
preciable quantities of material which absorbed 
ultraviolet light at 240 mp or which reduced 
tetrazolium reagent. The middle two fractions, 
which would include any free DOC present in the 
extract, contained less than 0.3 pg. of corticosteroid 
per 20 minutes of urine, as measured either by 
absorption of ultraviolet light or by reduction of 
tetrazolium. These fractions were inert on bio- 
assay. All of the sodium-retaining activity of the 
extract was found in the most polar fraction. This 
fraction was subjected to more prolonged chroma- 
tography, as shown in Figures 2 and 3. 

Figure 2 shows a 15 hour chromatogram, which 
would include compounds F, E, S, B, and A in 
descending order. The sodium-retaining activity 
was found in the region opposite the compound E 
standard. Small quantities of corticosteroids were 
present in fractions corresponding with B, E, and 
F. All fractions except the one moving with E 
failed to show significant scdium-retaining activity. 

Figure 3 represents a chromatogram of 144 
hours duration. The components of the extract 
moving at about the same rate as E yielded two in- 
completely separated ultraviolet absorption bands. 
The slower moving of these two fractions con- 
tained the sodium-retaining activity of the extract. 
EtOH 
max. 
236 to 238 my.) and reduced tetrazolium in the 
corresponding amounts which would be expected 
from a typical adrenal cortical steroid (Figure 4). 
This fraction might contain cortisone, but since 
cortisone is not sodium-retaining under the con- 
dition of the assay used, there must also be at 
least one other compound present in order to ac- 
count for the activity. The separation of these 
two substances does not appear to be feasible in 
the toluene-propylene glycol system. 

The E fraction may contain a third substance, 
which is partly resolved from cortisone and the 
sodium-retaining material in the toluene-propylene 
glycol system. This is indicated by the higher 
ultraviolet absorption of the faster-moving ma- 
terial, whereas the tetrazolium reducing power 
and the sodium-retaining activity are lower than in 
the slower-moving fraction. The data suggest 


This fraction absorbed ultraviolet light (A 
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KNOWN Bio- 
COMPOUNDS 


100 yg. 1000' 


G. J. Cg Hs. CH3. C3zHe (OH)o 
Time Run: 144 Hrs. Paper: 45cm. 


Fic. 3. DrescENDING CHROMATOGRAM OF URINE Ex- 
TRACT (Limp oN RIGHT) AND STANDARDS (LIMB ON LEFT) 
IN ToLUENE: PropyLeENE For 144 Hours 


that this separation occurred in two cases ( Fig- 
ures 4 and 5), but not in the other two cases ( Fig- 
ures 6 and 7). 

Figures 4 to 7 summarize the similar analyses 
of the chromatograms of four patients. In each 
case, the sodium-retaining activity of the extract 
was recovered in the “E” fraction, within the 
limits of the methods used. No significant sodium- 
retaining activity was found in any other fraction. 

The quantitative data show a high degree of 
biological activity when compared with the ab- 
sorption of ultraviolet light and with the reduc- 
tion of tetrazolium, The sodium-retaining ac- 
tivity of the E fraction is at least ten times as great 
as desoxycorticosterone, if the active material is 
a steroid which reduces tetrazolium. 

Chromatography in benzene and aqueous metha- 
nol: It was evident at this stage that the resolu- 
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poc_ 


G.J. 24 
Nephrosis 

Whole Extract = 
8-4 pig. /20 minutes 


BIOASSAY 
DOCA Equivalent 


Adg./20 minutes 


TETRAZOLIUM 
Aig. /20 minutes 


ULTRAVIOLET 
D' 240/20 minutes 


CHROMATOGRAM: STEROID COMPONENTS 


Fic. 4. Soprum-Retrarninc Activity, TETRAZOLIUM REDUCTION, AND 
Uttraviocet Light ApsorpTION DETERMINED IN ELUATES FROM CHROMA- 
TOGRAMS (CASE G. J.) 

A continuous chromatogram is represented at top and bottom, with symbols 
representing standard steroids (Table II). Vertical lines on the upper 
chromatogram demarcate the sections eluted for bioassay; on the lower 
chromatogram for tetrazolium reduction and ultraviolet light absorption. 
Bars indicate determinations using desoxycorticosterone as a standard. Bio- 
assay results may be compared with the broken lines showing calculated 95 
per cent confidence limits of response to zero dosage. The only eluate show- 
ing sodium-retaining activity was the slower portion of the “E” fraction. 
The sodium-retaining activity of this fraction is very high in comparison with 
the small amount of corticosteroid indicated by absorption of ultraviolet light 


and by reduction of tetrazolium. 


tion of the E fraction in toluene: propylene glycol 
was not adequate for the purification of the active 
material. While we were casting about for a 
different pair of solvents of greater resolving 
power, we received a generous communication of 
unpublished information from Dr. J. F. Tait and 
Mr. S. A. Simpson concerning their experience 
with the benzene: aqueous methanol system de- 
veloped by Dr. Ian Bush (10). Simpson and 
Tait (16) have found that the highly active min- 
eralo-corticoid of adrenal cortical extract can be 
separated from cortisone in Bush’s system. The 
following data indicate that separation of the 
urinary corticoids of the E fraction can be accom- 
plished in a similar manner. 

Figure 8 shows an E fraction from toluene: 
propylene glycol, rechromatographed in the Bush 


system, The active material runs less rapidly than 
cortisone, but more rapidly than F. 

Figure 9 summarizes the data from two such 
chromatograms. The fraction associated with the 
sodium-retaining activity is separated from the 
faster-moving cortisone, and from more slowly 
moving fractions. Within the limits of the meth- 
ods used, the activity of the whole extract appears 
in this fraction. 

The sodium-retaining material obtained from 
these chromatograms gives the typical reactions 
of an adrenal cortical steroid. Solutions in ethanol 
show a peak of ultraviolet light absorption at 238 
to 240 mp (Figure 10). If the molar extinction 
coefficient is assumed to be 15,800, from which 
value the known corticosteroids vary only slightly 
(12, 13), the quantity calculated to be present is 
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MR. 54 

Nephrosis 

Washed Extract = 
8-2 aig. /20 minutes 


BIOASSAY 
DOCA Equivalent 
Aug./20 minutes 


TETRAZOLIUM 
Aig. /20 minutes 


ULTRAVIOLET 
D'2.40/20 minutes 


"3,8 A pog_ 
CHROMATOGRAM: PossieLe STEROID COMPONENTS 
Fic. 5. SopruM-ReTarninG ACTIVITY, TETRAZOLIUM REDUCTION, AND 
ULTRAVIOLET LIGHT ABSORPTION DETERMINED IN ELUATES FROM CHROMA- 
TOGRAMS (CASE M. R.) 
See explanatory note under Figure 4. 


LM 74 
Nephrosis 5 
Whole Extract = 
7-8 .a1g./20minutes * 


BIOASSAY 
DOCA Equivalent 
AiQ./20 minutes 


TETRAZOLIUM 
Aug. /20 minutes 


ULTRAVIOLET 2 ? > 22? ? 2 ? 
D'240/20 minutes © 
CHROMATOGRAM: Possaue Steno Components 


Fic. 6. SopruM-RETAINING AcTIVITy, TETRAZOLIUM REDUCTION, AND 
ULTRAVIOLET LigHtT ABSORPTION DETERMINED IN ELUATES FROM CHROMA- 
TOGRAMS (CASE L. M.) 

High sodium-retaining activity was again found in the E fraction. Since 
the active material was not separated from the component of slightly greater 
mobility as in Figures 3 to 5, the absorption of ultraviolet light was increased 
by the presence of this component. 
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A 00c 


72 
Nephrosis 

Whole Extract = 
8-4 sig. /20 minutes 


BIOASSAY 
DOCA Equivalent 
/20 minutes 


TETRAZOLIUM 
Aig. /20 minutes 


ULTRAVIOLET 
D' 240/20 minutes 


CHROMATOGRAM: PossisLe STEROID COMPONENTS 


Fic. 7. Soprum-RETAINING 


TOGRAMS (Case D. M.) 


See explanatory note under Figure 6. 


very close to the value obtained from the reduc- 
tion of tetrazolium (Figure 9). 

These calculations indicate that the 
retaining activity of the final fraction is 15 to 20 


sodium- 


times that of desoxycorticosterone, expressed on 
an equimolar basis. 


Il. Male Children 


Extracts of urine from these children did not 
show significant sodium-retaining activity (Table 

Figures 10 and 11 summarize the chromatograms 
of two representative extracts (R. G. and B. L.) 
in toluene: propylene glycol. No significant so- 
dium-retaining activity was found in the E frac- 
tions. In the older child (B. L.), the fractions 
moving more slowly than E caused an apprecia- 
bly increased excretion of sodium in the bioassay, 
resembling the effect of the 11-oxy-corticosteroids. 

The other two normal children (G. G. and R. 
.\.) gave similar results. Washed extracts showed 
no appreciable sodium-retaining activity (0.5 and 
— 0.5 pg. DOCA per 20 minutes in the respective 
cases). In case G. G., insignificant activity was 
found in all chromatographic fractions, the E. frac- 


Activity, 
Ligut ABsorRPTION DETERMINED IN 


TETRAZOLIUM REDUCTION, AND 


ELUATES FROM CHROMA- 


tion assaying 0.3 wg. DOCA per 20 minutes. In 
case R. A., the FE. fraction and the fractions mov- 
ing more slowly than FE produced increased excre- 
tion of sodium by adrenalectomized rats. 

The possibility remained that cortisone or other 
components in the FE fraction of normal extracts 
interfered with the measurement of some sodium- 
retaining material, but further analysis of the 
normal FE fraction in benzene: aqueous methanol 
did not support this interpretation. Very small 
traces of corticosteroid without detectable sodium- 
retaining activity were found in the region of the 
chromatogram in which the strongly sodium-re- 
taining corticosteroid of nephrotic urine had been 
observed. 


DISCUSSION 


These studies support the hypothesis that an 
adrenal cortical secretion is responsible for the 
sodium-retaining activity of the lipid extract of 
urine of children with nephrosis (4). The bio- 
logical activity was consistently associated with a 
neutral lipid fraction giving reactions characteris- 
tic of an adrenal cortical steroid. 

The urine of normal children yielded insig- 
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KNOWN Bio- 
COomPOUNDS AssAY 
| E 40,u9| | FRACTION | 
F |"E"ot TPG: 


F O 

FRONT 


Time RUN: 4urs. Paper: 35cm. 


Fic. 8. DESCENDING CHROMATOGRAM BENZENE: 
Agvurous METHANOL OF FRACTION ELUTED FROM 
CHROMATOGRAM IN. TOLUENE: PrRopYLENE 
GLYCOL 

The E fraction has been separated in benzene : methanol 
into at least two components. The component moving 
just behind cortisone contains the sodium-retaining ac- 
tivity. 


nificant sodium-retaining activity and little steroid 
in a comparable chromatographic fraction. 

The nature of the active material is under study 
at this time. Although none of the known adrenal 
cortical steroids appears to have all of the proper- 
ties of the natural material, some inferences can 
be drawn from points of similarity. The available 
evidence strongly suggests the presence of a A‘, 
3-keto structure in ring A and of a a-ketol side 
chain on C-17. The chromatographic behavior in- 
dicates the presence of one or two additional 
hydroxyl groups. The infra-red spectrum (17) 
makes the presence of additional ketone groups 
unlikely. The high specific sodium-retaining ac- 
tivity argues against the presence of a ketone or 
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B-hydroxy-substituent at C-11, since such com- 
pounds tend to promote the excretion of sodium 
in the bioassay used. A number of synthetic com- 
pounds with various modifications and substitu- 
tions in 11-desoxycorticosterone have been tested, 
but as yet no compound of high specific activity 
and similar chromatographic behavior has been 
observed. 

As these studies progressed, we were impressed 
by the similarity of the findings of other in- 
vestigators (18-20) on the highly active mineralo- 
corticoid of adrenal cortical extract. This material 
appears to be very similar, if not identical, with 
the sodium-retaining corticoid of urine. The only 
important discrepancy concerned absorption of 
ultraviolet light near 240 mp (18); this has been 
resolved by the finding of such absorption in later 
preparations from adrenal cortical extract (16). 
These points of similarity between the corticoid 
from adrenal cortex and from urine, prepared 
from different sources by different methods, and 
showing consistent activity during purification, 
support the idea that both preparations contain a 
natural hormone secreted by the adrenal cortex 
and appearing in urine in measurable amounts 
under the observed conditions. 

It seems unlikely that secretion of the sodium- 
retaining corticoid is under the control of the 
adrenocorticotrophic fraction which regulates the 
release of the 11,17-hydroxycorticosteroids (1, 5). 

Sodium-retaining activity has been observed in 
urine extracts in congestive heart failure (2, 3, 
21), pericarditis with tamponade or constriction 
(3), hypertension (3), nephrosclerosis (3), cir- 
rhosis with ascites (22), and toxemia of preg- 
nancy (23, 24), as well as in the nephrotic syn- 
drome (2-6, 24). The presence of a high level 
of sodium-retaining activity in the urine of edema- 
tous patients with several diseases suggests a 
general reaction contributing to the common dif- 
ficulty with sodium excretion. The stimulus which 
evokes this reaction is as yet undetermined. The 
role of reduced dietary intake of sodium can not 
be overlooked, since normal men, deprived of 
sodium, may excrete a urine of moderately in- 
creased sodium-retaining activity (1). A few 
controlled observations made in this laboratory 
indicate that a free intake of sodium only slightly 
reduces the high level of sodium-retaining activity 
in the urine of a patient with nephrosis. 
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Fraction 4 is the sodium-retaining eluate. Fraction 5 

is the eluate of the fraction with a mobility like cortisone. 

Fractions 3 and 6 are eluates from adjacent areas of paper 

above and below the bands demonstrated in the photograph. 


SUMMARY AND CONCLUSIONS 


Lipid extracts of urine of five children with 
nephrosis have been fractionated by paper chroma- 
tography. The sodium-retaining activity of these 
extracts resides in a fraction which is presumably 
of adrenal cortical origin. This material has a 
specific sodium-retaining activity fifteen to twenty 
times as great as desoxycorticosterone. None of 
the known adrenal cortical steroids or their deriva- 
tives thus far tested shows the high specific ac- 
tivity and the chromatographic behavior of the 
sodium-retaining material in urine. The highly 
active mineralocorticoid of adrenal cortical ex- 
tract described by Tait and Simpson appears to 
be very similar, if not identical, to the sodium- 
retaining corticoid of urine. 
tion suggests that the active material is an 11- 
desoxycorticosteroid with one or more oxygen- 
containing substituents. 

Extracts of urine from four normal children 
on an unrestricted dietary intake of sodium were 
Neither the extracts nor any 
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See explanatory note under Figure 4. 
No sodium-retaining activity was observed. The dosage of urine extract 
was the same (quantity excreted in 20 minutes) as in the case of patients 


with nephrosis. 
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Fic. 12. SopruM-RETAINING Activity, TETRAZOLIUM REDUCTION, AND 
ULTRAVIOLET Light ABSORPTION IN ELUATES FROM TOLUENE: PROPYLENE 
GLyco, CHROMATOGRAM (CASE B. L., NorMAL) 


No sodium-retaining activity was observed. 
The values for tetrazolium reduction and ultraviolet absorption in the E 
and F fractions correspond roughly with the rate of excretion of these steroids 
described by Burton, Zaffaroni, and Keutmann (25) in normal adults. 
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chromatographic fraction showed significant so- 
dium-retaining activity. 
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THE EFFECT OF NEGATIVE PRESSURE BREATHING ON 
URINE FLOW 


By OTTO H. GAUER,! JAMES P. HENRY, HERBERT O. SIEKER, ano 


It is known that changes of blood volume are 
associated with changes of urine flow. Moderate 
bleeding not sufficient to result in a drop of arterial 
blood pressure leads to oliguria. Mild plethora as 
induced by small transfusions of plasma (1), iso- 
oncotic albumin (2), whole blood (3), or washed 
red cells (4) leads to diuresis. A possible ex- 
planation of this phenomenon could be sought in 
a hypothetical volume regulatory mechanism using 
nervous elements in the vascular walls to sense 
“the fullness of the blood stream,” which accord- 
ing to Peters (5) “may provoke the diuretic re- 
sponse on the part of the kidneys.” It was hoped 
that, by giving due regard to the elastic properties 
of the circulatory system and hence to the dis- 
tribution of induced volume changes, a study of 
the distribution of sensitive end-organs in the 
vascular bed might yield some hints as to the prob- 
able nature and location of a volume regulatory 
mechanism. While the arterial tree, due to its 
high volume elasticity coefficient, has to be ruled 
out as a potential reservoir, there is evidence that 
from the viewpoint of their pressure volume rela- 
tions the pulmonary and venous circulation form 
an appropriate unit for such a function (6-8). 
A volume change could be measured most ac- 
curately if the whole system or one compartment 
of average or greater than average distensibility 
had stretch receptors intercalated in its walls. 
While little is known about stretch receptors in 
the peripheral veins, a variety of sensitive nervous 
end-organs similar to those in the carotid sinus 
have been found in the intrathoracic circulation, 
particularly in the walls of the venae cavae, the 
pulmonary vein and both auricles (9, 10). The 
complex physiology of the sensitive nervous end- 
organs in the thoracic viscera has recently been 
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discussed in detail (11, 12). Centripetal nervous 
impulses from these regions are represented by a 
whole variety of signals conducted in the A, B, 
and C fibers. If one or a combination of several 
groups of these signals indicate volume sense and 
share in the office of moderating the kidney func- 
tion, it should be possible to increase and decrease 
urine flow by artificially increasing or decreasing 
the blood content of the compartments in which the 
sensitive end-organs are located. 

Change of the filling of the intrathoracic cir- 
culatory organs can easily be achieved by applica- 
tion of constant positive or negative pressure 
breathing. Drury, Henry, and Goodman (13) 
have already found that positive pressure breath- 
ing impairs urine flow. They interpreted this 
finding as a sign of general circulatory stress. 
Since it is known that many kinds of stress may 
lead to oliguria, the evidence of any experiments 
which depend solely on reduction of urine flow 
was felt to be ambiguous. The authors, therefore, 
focused their efforts on the design and evaluation 
of an experiment which uses as the critical end 
point production of diuresis. This can be achieved 
by application of constant negative pressure breath- 
ing (NPB) at pressures of the order of 10 cm. 
H,O. Even if a more direct approach to test the 
validity of the hypothesis which stimulated these 
experiments were to fail, the results seemed in- 
teresting enough to merit publication. 


METHODS 


Over seventy experiments were performed on forty 
dogs, most of them females. The animals were pre- 
medicated with 0.7 to 1 mg. per Kg. of morphine and 
then anesthetized with approximately 60 mg. per Kg. of 
chloralose (1 per cent solution in .6 per cent saline). 
After the catheters of the pressure gauges for recording 
various intravascular pressures had been inserted, the 
narcosis was maintained at the lightest level compatible 
with quietude by intravenous injection of 5 mg. per Kg. 
chloralose every ten minutes. In order to maintain 
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proper hydration enough saline was added to the chlora- 
lose to make up a total injection of 1 cc. per Kg. per 10 
minutes of an isotonic solution. The animals were placed 
on their sides without restraint. 

Urine was collected through an indwelling catheter in 
the bladder. Females were catheterized with an S 
shaped glass tube of 5 mm. inside diameter; males with 
a tapered plastic catheter 3 mm. inside diameter. Both 
catheters had several side holes around the tip. The suc- 
tion of the fluid column of about 50 cm. in the rubber tube 
connecting the catheter to the measuring burette on the 
floor was usually sufficient to keep the bladder empty at 
all times. In a few animals it was occasionally neces- 
sary to provoke contraction of the bladder by moving the 
catheter at due intervals. The urine was measured in 
a vertical 10 cc. narrow lumen glass burette. 

Negative, and in a few instances positive, pressure 
breathing was accomplished in the following way. Im- 
mediately after induction of anesthesia a tracheal intuba- 
tion was performed. By the use of valves close to the 
mouth the respiratory dead space was reduced to a mini- 
mum. The inspiratory and expiratory tubes were con- 
nected to a 20 liter container which was ventilated with 
fresh air by a suction pump at a rate of 160 liters per 


360 Minutes 


Errect oF REPEATED APPLICATIONS OF NPB on URINE FLow, PuLse RATE, AND RESPIRATION 
Note the slow onset of diuresis and the long after-effect. 
observed without any substantial change in pulse and respiration rates. 


In this experiment marked increases in urine flow were 


minute. As an added precaution, a CO, absorbing cart- 
ridge was introduced in the air path. The amount of 
suction as indicated by a water manometer could be set 
by a screw clamp at the air intake. The same equipment 
was used for positive pressure breathing by replacing the 
suction pump with a source of air pressure. In one ex- 
periment for determination of cardiac output under NPB, 
the low breathing pressure was obtained by adding an 
appropriate extra weight to the counter weight of the 
bell of a basal metabolic spirometer (14). 

Pulse rate and respiration were counted at ten minute 
intervals throughout all experiments. During episodes 
of special interest one or several of the following pressure 
recordings were taken continuously in individual experi- 
ments: Arterial pressure in the carotid or femoral artery 
with Statham gauge P23A 0-75 cm. Hg (15): Venous 
pressures in the vena cava superior and abdominal vena 
cava with Statham gauge P23B 0-5 cm. Hg using record- 
ing galvanometers of Heiland Type E with no damping 
resistance. All mean pressures were determined by 


planimetry. Two cardiac output determinations by the 

Fick method were made in one experiment. 

changes were checked in six experiments. 
It was soon suspected that the management of the ani- 
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mals before the experiments and their state of hydration 
may influence constancy of urine flow during the control 
period and their sensitivity to NPB. The animals were 
kept for a minimum of three weeks on a liberal constant 
diet of dog food and horse meat. Water was offered ad 
libitum. They were fed for the last time on the afternoon 
before the experiment. The first 25 to 30 animals of the 
series, started early in Spring, received no prehydration. 
Later the animals were offered thin meat broth after the 
last feeding. They took about 2 liters of this broth during 
the evening. An alternative procedure was the addition 
of 1 Gm. salt per day to the regular diet. With the onset 
of hot summer weather urine flow became rather high 
and more variable when the animals were brought from 
the hot kennels to the air conditioned laboratory. In re- 
trospect, it is not possible to decide whether this was due 
to the change of climate or to the change in experimental 
regime. It appears desirable, however, to avoid exposing 
the animals to extremes of temperature and to significant 
temperature differences between kennels and laboratory. 


NEGATIVE PRESSURE BREATHING AND URINE FLOW 


RESULTS 


Figure 1 is the record of a typical experiment. 
After a control period of constant urine flow, ap- 
plication oi negative pressure breathing episodes 
of — 8cm. and — 5 cm. water produce an increase 
in urine excretion of between 100 and 200 per 
cent. The diuresis starts slowly and reaches a 
peak after thirty to forty minutes. After cessa- 
tion of the negative pressure the urine flow re- 
turns gradually to control level. In the average 
animal urine flow increased from 4.4 cc. per 10 
min. to 9.9 cc. per 10 min. or from .030 cc. per Kg. 
per min. to .066 cc. per Kg. per min. Maximum 
urine excretion was usually observed at the end 
of the NPB period. In 6 of 21 experiments in 
which NPB was maintained for more than 50 
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Fic. 2. EFFect oF CONTINUOUS PRESSURE BREATHING ON URINE FLow 


Abscissa: Arithmetic mean of control flow before onset and 30 to 40 minutes 
after cessation of pressure breathing. Ordinate: Maximum urine flow obtained 
during the 30 to 40 minute pressure breathing period. Dotted line: Average 
urine flow with NPB. Although the sensitivity of the animals, as expressed 
by the ratio of urine flow with NPB over control flow, is independent of con- 
trol flow, the better hydrated summer animals & show much greater absolute 
changes of urine flow than do the spring animals @. Positive pressure breath- 


ing W results consistently in a decrease of urine flow. 
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TABLE I 
Mean pressure changes with 10 cm. water NPB * 


Arterial pressure 


Central venous pressure 
cm. 


Peripheral venous pressure 
cm. 


Before During After 


Before 


During After Before During After 


10.3 
9.2 
0.5 
3.1 
4.5 
4.0 

10.4 


119 
140 


125 
124 
89 


124 
126 
89 


oc 


7/19 
7/20 

a 

(b) 
7/23 

(a) 
7/25 
Mean 
Mean AP.t 


7.9 
6.6 


1155 
9.9 


13.8 
9.7 


+ 4.7 10.4 
+ 2.7 9.3 
— 8.; 2.2 


So 


~ ow 


| 


* In three cases higher pressures were used, (a) 15 cm. H,O and (b) 20cm. H:O. The data from these experiments 


were not included in the calculation of the mean Central Venous 


Pressure. Comparison of individual figures shows 


that an increase in suction beyond 10 cm. H;0 is not reflected by a further fall of Peripheral Venous Pressure. 
pressure before + pressure after NPB 


+ AP = Pressure during NPB — 2 


minutes, urine flow started to decline after a 
maximum was reached at about 30 to 40 minutes. 
However, at the end of the NPB period urine flow 
was still considerably higher than the control level 
and fell sharply when the NPB was discontinued. 
In 24 experiments, urine flow did not return to 
normal with cessation of NPB but remained about 
30 per cent above control level. In four cases it 
remained equal to or went even higher than the 
highest value with NPB. This response pattern 
cannot, of course, be distinguished from a spon- 
taneous diuresis. 

Figure 2 is a survey of 70 NPB tests and 5 
positive pressure breathing (PPB) applications. 
The abscissa indicates control flow in cc. per min- 
ute and 1 Kg. of dog weight. It represents the 
arithmetic mean of the control flow before onset 
of pressure breathing and control flow 30 to 40 
minutes after cessation of pressure breathing. The 


ordinate gives maximum urine flow during pres- 
sure breathing. There is only one experiment with 
no change and two with a very slight decrease of 
urine flow with NPB. These figures stem from 
the above-mentioned four experiments in which 
urine flow continued to rise after cessation of NPB. 
The average urine flow during NPB is expressed 
by the dotted line whose relative linearity indi- 
cates that the per cent increase remains approxi- 
mately constant regardless of control flow. It is, 
however, obvious that the control flow and abso- 
lute change of urine flow during NPB is much 
greater in the summer animals. Since the degree 
of prehydration was changed between the seasons 
it is not possible to decide whether this increase 
was due to the change of climate or to the experi- 
mental regime. The application of positive pres- 
sure breathing in five experiments resulted in a 
marked decrease of urine flow. 
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5/25 
6/5 106 
6/18 124 138 142 — 40 
6/27 95 95 95 — 6.0 
6/29 140 132 120 | 5.7 
132 140 126 = 1.4 
7/3 80 88 87 — 07 
98 105 111 — 1.6 
: 112 129 126 
95 90 100 - 8.1 4.5 6.9 
: 100 96 100 = 6.9 3:7 9.1 
84 106 124 _ 7.8 3.2 4.0 
121 126 128 5.8 21 
128 128 1.8 0.9 
128 135 124 _ 8.9 3.9 6.5 
111 115 117 ~ 7.9 4.1 8.0 
+1 -3.9 


The average blood pressure was 114 mm. Hg. 
It did not change with NPB (Table I). The aver- 
age pulse rate was 71. The majority of the ani- 
mals showed marked respiratory arrhythmia of 
the heart. Immediately following onset of NPB, 
heart rate increased almost instantaneously and 
established a higher level at an average of 92. The 
individual per cent increases of heart rate ranging 
from 0 to 92 per cent were plotted against per cent 
’ increase of urine flow. No quantitative relation 
between the two sets of observations could be es- 
tablished. There was also no relation between the 
individual increase of urine flow and the increase 
of the rate of respiration, which on the average, 
tripled with the onset of NPB. 
Application of 10 cm. NPB decreased central 
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TABLE II 
Acute procedures changing urine flow * 


venous pressure by an average of 7.0 cm. H,O. 
The pressure in the abdominal veins fell only 3.9 
cm. H,O (Table I). 

Two determinations of cardiac output with the 
Fick method yielded an increase of 7.7 and 12 per 
cent. The hemotocrit was unaltered by NPB. 


DISCUSSION 


The relatively slow heart rate and marked re- 
spiratory arrhythmia of the pulse which is char- 
acteristic of the normal resting dog was maintained 
in the majority of the animals. Thauer and 
Wezler (16) showed that chloralose reduces but 
does not abolish this sign of near normal circula- 
tory reactivity while other anesthetics, especially 


Urine Filling of intra- Filling of extra- Pressure in renal 
Procedure flow thoracic circulation thoracic circulation 


veins 


Reduced 


Hemorrhage (1) 


in humans (13) 


above renal veins 


Balloon in inf. v. cava Reduced Reduced 


below renal veins (29) 


Orthostasis (41, 42, 43) 


Reduced 


by cuffs (46) 


cufts plus infusion of 
1500 cc. of blood (48) 


in humans (35) 


in anesth. dogs 


Immersion of trunk in Increased 


warm bath (40) 


Reduced (7, 8) 
Pos. pressure breathing Reduced Reduced (38) Increased (38) Increased, partly 


Pos. pressure breathing Reduced Reduced (37) Increased Increased (14) 
in anesth. dogs 10 cm. H,O 
Balloon in inf. v. cava Reduced Reduced Increased in legs Increased (29) 


Reduced (44) 
Sequestering of blood Reduced Reduced (47) Increased in limbs Reduced 


Sequestering of blood by Normal > Normal ? Increased in limbs, > Normal ? 


Blood transfusion (1, 2, 3) Increased Increased (7, 8) Increased Increased 


Neg. pressure breathing Increased Increased 


Neg. pressure breathing Increased Increased (37) Reduced Reduced 
—4 cm. H,O (14) 


Head down tilt (45) Increased Increased 
Increased 


Exposure to cold (49) Increased Increased (50) Reduced Increased 


Reduced Reduced 


counterbalanced by 
intra abd. pressure 


and lower abd. 26 cm. H,O 


Increased in legs Reduced 
and lower abd. 


Increased in legs Increased 


normal or slightly 
increased in abdomen 


Reduced Reduced 


Reduced Reduced 


Reduced Increased, 
counterbalanced by 
intra abd. pressure 


ships in the extra-arterial circulation (7, 8). 


* Only those statements with a reference number have been substantiated by direct experiments. The other state- 
ments have been deduced from the poyeaney of blood distribution, blood reservoirs (6) and pressure volume relation- 
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the barbiturates, usually produce a fast, unvary- 
ing pulse. With regard to its effect on the kidney, 
chloralose does not share in the antidiuretic ac- 
tion of other anesthetics and H. Smith (17) re- 
cently pointed out that when chloralose anesthesia 
was employed in water diuresis experiments “ap- 
parently maximal diuresis could be obtained with 
no complications.” In the present work, 0.7 to 1.0 
mg. per Kg. morphine given early in the morning 
was sufficient to prevent chloralose hyper-reflexia 
for the duration of the experiment. This dose is 
considerably less than the 2.5 to 5 mg. per Kg. 
usually employed to demonstrate the antidiuretic 
effect of this drug (18) and approximates the 
minimal dose necessary to produce antidiuresis 
(19). The control urine flow of .030 cc. per Kg. 
per minute for the average 15 Kg. dog is nearly 
double the normal urine flow as determined in 
conscious animals (20). It may still appear low 
in view of the hydration induced by the experi- 
mental regime. However, the spring animals re- 
ceived no prehydration. Further, the injection of 
isotonic solutions, an unavoidable necessity for the 
induction and maintenance of anesthesia, has no 
direct effect on urine flow (17). 

The first negative pressure breathing episode of 
Figure 1 is not only representative with regard to 
the average increase of urine flow in our 70 ex- 
periments, but also shows the characteristic pat- 
tern. While central venous pressure, heart rate 
and respiration, change immediately with the on- 
set and usually stay constant for the period of 
NPB, urine excretion may increase only a little 
in the first ten minutes, then rise faster and finally 
level off to a maximum after 30 to 50 minutes. 
The return to normal is gradual and takes about 
20 to 30 minutes. The slow onset of the diuresis 
and the long after effect could be explained on the 
theory that impulses from receptors in the thoracic 
region are transmitted to the central nervous sys- 
tem. There they would cause an inhibition of 
secretion of antidiuretic hormone with a resultant 
diuresis of the type observed. The experiments 
of Brun, Knudsen, and Raaschou who adduced 
strong evidence that the oliguria of orthostasis is 
due to release of ADH, support such a hypothesis 
(21). Before a rather involved reflex mechanism 
of this kind can be given more serious considera- 
tion, it is necessary to determine whether hemo- 
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dynamic or respiratory changes, brought about by 
NPB could directly cause the increased urine flow. 

Rein (22) showed in 1931 that gross disturb- 
ances of the systemic circulation such as those in- 
duced by carotid sinus stimulation did not affect 
renal blood flow, although the femoral and splanch- 
nic arteries simultaneously showed strong con- 
striction. Subsequently, numerous investigators 
with different methods and approaches have found 
that marked changes of cardiac output or arterial 
pressure had relatively little effect on kidney blood 
flow and urine excretion (23-26). C. Heymans 
(27) recently commented that the renal circula- 
tion does not participate in the moment-to-moment 
homeostasis of general blood pressure. But even if 
moderate changes of cardiac output or peripheral 
resistance were to affect urine excretion, the 
changes of hemodynamics of the arterial system 
with the degree of NPB employed in our experi- 
ments were so small that they could not be held 
responsible for our results. The opinion that con- 
stant NPB should increase venous return and 
hence cardiac output has been disproved by Holt 
(14). He showed that the resultant great pres- 
sure gradient towards the heart is due to an in- 
creased flow resistance caused by a partial col- 
lapse of the upper abdominal vena cava rather than 
an increased venous flow. Using both the Fick 
principle and the dye injection method, he found 
with 16 cm. H,O NPB an increase of cardiac out- 
put of 13 + 16 per cent and 4 + 6 per cent, respec- 
tively, the dye figures seeming to be the more 
reliable ones. No perceptible change of cardiac 
output could be detected when using 8 cm. H,O 
NPB. Although there was no doubt of the validity 
of Holt’s careful studies, two Fick determinations 
were made. Yielding an increase of 7.7 per cent 
and 12 per cent, they were in full agreement with 
his findings. 

The heart rate, as the most sensitive circulatory 
parameter, may almost double in some experi- 
ments, but no quantitative relationship between the 
change of heart rate and urine excretion could be 
established. The question has been raised whether 
the drop of the peripheral venous pressure may not 
be in part responsible for the increased urine flow. 
Although specific evidence on the effect of a re- 
duction of renal venous pressure is not available, 
the data on the effects of obstructing outflow from 
the renal veins show a remarkable insensitivity of 
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the kidney to this parameter (28, 29). In other 
studies (30) of the effect of local venous conges- 
tion on renal function, only one case showed a 
small response to pressures of the order of 10 to 
20 cm. H,O. It required an elevation of renal 
venous pressure by 30 to 40 cm. H,O to reduce 
the urine flow by 25 per cent. If we accept the 
hypothesis of Swann, Montgomery, and Lowry 
(31) that the remarkably “high setting” of the 
renal interstitial pressure of approximately 30 cm. 
H,O guards the kidney against the effects of ran- 
dom changes of vena cava pressure unless they ex- 
ceed this value, it seems unlikely, that the fall of 
peripheral venous pressure of 3.9 cm. H,O ob- 
served in our experiments was connected with the 
average increase of urine flow of more than 100 
per cent. 

The contrast between the almost instantaneous 
adjustment of circulation and respiration to NPB 
and the sluggish response of urine excretion can 
be taken as added evidence against the assump- 
tion that a change of renal circulation is the im- 
mediate cause of the observed phenomenon. On 
the other hand, a change of blood chemistry due 
to the changes of respiration, which were observed 
in many NPB experiments, could induce this same 
characteristic pattern of urine excretion. It is 
known that a decreased arterial oxygen saturation 
as well as hyperventilation may lead to diuresis. 
However, the threshold of these effects is far in 
excess of that which can be anticipated in our ex- 
periments. Stickney, Northup, and Van Liere 
(32) had to reduce the oxygen content of the in- 
spired air to 9 to 11 per cent before urine excretion 
increased by 50 per cent. Collip and Backus’ (33) 
subjects doubled their urine output during forced 
respiration, which led to tetanus and dizziness and 
resulted in a gross increase of urine alkalinity. 
In the experiments of McCance and Widdowson 
(34) on hyperventilation in humans, sodium and 
potassium excretion were greatly increased. There 
was no relationship between the change of re- 
spiratory rate and urine flow in our experiments 
and it should be noted in Figure 1 that marked 
diuresis could be observed repeatedly with slight 
or inconsistent changes of respiration. Proof that 
alkalosis from hyperventilation was not the cause 
of diuresis with NPB was furnished by human 
experiments. It was found that unanesthetized 
subjects may respond to NPB with a ten-fold in- 
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crease of urine flow without any alteration in re- 
spiratory rate, in the urine pH or in the total 
sodium and potassium excretion (35). Further 
evidence that alkalosis is not the causative agent 
is seen in recent findings (36) where in humans 
a marked diuresis was observed resulting from 
hyperventilation of a 5 per cent CO, mixture. 
These authors agree that this diuresis may well 
be initiated by a mechanical stimulus rather than 
a chemical one. 

The most obvious effect of NPB on the circula- 
tion consists of an engorgement of the heart and 
lung region (37-39). Directing our attention to 
the combination of increased filling of the intra- 
thoracic circulation with increased urine flow and 
decreased filling of the pulmonary circulation with 
oliguria, we find that the described phenomenon 
is only one of a large number of observations in 
which this concurrence can be observed as a re- 
sult of very different physiological events. Such 
events which lead to a change of urine flow have 
been listed in Table II. The similarity of the 
effects of different experiments quoted is well ex- 
pressed by Adolph and Molnar (49) who state 
that “the diuresis can be turned on and off either 
by change of exposure from cold to comfortable or 
by change of posture from lying to standing” 
(Table IT). 

When looking for the probable nature and loca- 
tion of the sensitive end-organs of a mechanism 
linking changes of blood volume or blood distribu- 
tion with urine flow, the coincidence of reduced 
urine flow with reduced filling of the intrathoracic 
organs and of engorgement of these regions with 
increased urine flow, is striking. On the other 
hand, the behavior of urine flow is not consistently 
related with the filling of the extra-thoracic vascu- 
lar bed or the behavior of local renal venous pres- 
sure or renal congestion. It is intriguing to specu- 
late that the apparently fortuitous similarity of 
reaction of the kidney to stimuli as different as 
gravitation and cold stress may eventually be traced 
back to the same hemostatic reflex originating from 
the circulatory organs within the chest. 

There are more examples of the rule that en- 
gorgement of the pulmonary circulation coincides 
with increased urine flow in normal subjects. The 
fact that this relation is grossly disturbed in con- 
gestive heart failure could tentatively be inter- 

preted as an impairment of sensitivity of the 
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proposed volume regulatory mechanism. This 
concept concurs with the view held by McLean 
(51) who considered edema to be a problem in 
physiological regulation and described it as “a 
perversion of the regulatory mechanism of vol- 
ume.” Such an assumption that a circulatory 
reflex mediated through stretch receptors may 
change its sensitivity and eventually result in a 
“perversion” of its normal function has been 
proved for the carotid sinus reflex by Palme (52, 
53). He found that dabbing of the pressure sensi- 
tive area with dilute adrenaline solutions or stimu- 
lation of a sympathetic fibre running into the 
carotid sinus reduced the sensitivity of the reflex 
and finally abolished it. Recent investigations 
(54-56) confirmed this important observation and 
concluded that the state of contraction (sym- 
pathetic tone) of the vascular walls which carry 
vaso-sensitive elements determine their mode of 
action. Since it is generally believed that vascu- 
lar tone is increased in congestive failure (57-59) 
one may consider that the sensitivity of the vol- 
ume regulatory mechanism is decreased leading 
to fluid retention in spite of pulmonary congestion. 


SUMMARY 


1. In seventy experiments, forty dogs were ex- 
posed to periods of constant negative pressure 
breathing of the order of — 10 cm. H,O. This 
stimulus consistently increased urine flow from 
an average of .030 cc. per Kg. per min. to .066 
cc. per Kg. per min. 

2. Physiological factors such as mean arterial 
pressure, heart rate, cardiac output, venous pres- 
sure and respiration, which are affected by nega- 
tive pressure breathing or considered to influence 
renal function, were surveyed. No relation be- 
tween urine flow and any one of these parameters 
could be found. 

3. The most outstanding effect of negative pres- 
sure breathing is a disturbance of blood distribu- 
tion. With regard to this hemostatic imbalance, 
diuresis with negative pressure breathing is only 
one of many conditions in which, in normal sub- 
jects, an engorgement of the intrathoracic circula- 
tory organs, no matter how induced, coincides with 
increased urine flow. 

4. As a working hypothesis, it is suggested that 
stretch receptors in the pulmonary circulation and/ 


or the chambers of the heart and the great veins 
may represent the sensitive part of a mechanism 
linking hemostatic events with urine excretion for 
the control of plasma volume. 
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Scarring and thinning of 
myocardium due to old 
occlusion of circumflex 
branch of r. coronary a. 


My ocardial Infarction 
with Severe Shock: 


Tdi of Molibidi7 * ...in correcting the state of shock we have enabled cer- 


tain patients to recover from the initial episode, which 


otherwise gave every indication of culminating in death. 


Levophed infusion causes a striking rise in oxygen tension in areas of myocardial 
ischemia produced by coronary obstruction.? “It is therefore reasonable to suppose 
that the restoration of arterial pressure to a level consistent with an adequate 
coronary flow must limit the size of the infarct, save healthy myocardium, shorten 
the period of shock, and lessen the likelihood of congestive failure at a later date.” * 


“Severe cardiogenic shock demands 
therapy...the most efficacious meth- 
od of treatment now available is use 
of vasopressor drugs.”’4 “Current 


usage favors nor-epinephrine.’’> 
Lev op he d° 
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Patients with Steatorrhoea. By J. D. BLainey, W. T. Cooke, A. Quinton and K. W. 
Scott. 


. A Reciprocal Relationship between K* and H* Excretion in the Diurnal Excretory Rhythm 
in Man. By J. N. Mitts and S. W. STANBURY. 


Subscription Rate: £3. 15. Od. per volume. 


BACK NUMBERS of Volumes 1-8 are available and may be obtained from the publishers, Messrs. Shaw 
& Sons, 7-9 Fetter Lane, London, E.C. 4. at the old price of £1. 17. 6d. per volume. 


Copies of Volumes 9, 10 and 11 are available at £2. 10. Od. per volume, and Volume 12 at £3. 15. Od. 
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superior on every count 


Balanced formulas, ready-for-use. No 
tedious weighing-out, no possibility of 
error. Ultimate in convenience, efficiency 
and, in the long run, economy. 


THE TECHNICON CHEMICAL COMPANY 
215 East 149th St., New York 51, N. Y. 


Send for the bulletin ‘Standardized Histologic Reagents" 
describing unique properties of these Technicon Solutions. 


© FIXATIVE BALANCED EOSIN 
nicon . || VDEHYORANT BALANCED HEMATOXYLIN 


o ALKALIZER MOUNTING MEDIUM 


histologic reagents 
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cheek night secretion 


in peplic uleer: 


Pamine*%.., 


GRAND OF EPOKYMETHAMING BROMIDE 


Each tablet contains: 

Epoxytropine Tropate Methylbromide . . 2.5 mg. 
Supplied: 

Bottles of 100 and 500 tablets 


Pamine*.... 
with 
Phenobarbital 


kach tablet contains: 

Epoxytropine Tropate Methylbromide . . 2.5 mg. 

Supplied: Bottles of 100 tablets 


@TRADEMARK, REG. U.S. PAT. OFF. 
THE EPIOUN COMPANY RAT 


Upjohn 


ELECTROPHORESIS APPARATUS 


Aminco’s leadership in this field has made its models of electrophoresis 
apparatus standard equipment in research institutions throughout the 
United States and abroad. C pact and plete units, these instruments 
incorporate optical systems of high resolving power, regulated high-voltage 

ical refrigeration, and dialysis facilities. Convenient to use, 
high output, mobile, and versatile for exacting research in electrophoresis 
analysis, preparative work, and diffusion studies. BULLETINS L-2175 & L-2281, 


WARBURG APPARATUS 


Maximum operating convenience and superlative performance are characters 

istic of Aminco Warburg apparatus that is serving so creditably the world over. 
Available in the rotary type (illustrated) or dual-shaker (rectangular) 

type, in heated or refrigerated models. 

‘ ak many advantages of Aminco apparatus are described in BULLETIN 


DUBNOFF METABOLIC SHAKER-INCUBATOR 


Up to 30 specimens can be shaken simultaneously in this improved apparatus 
at temperatures from 25° to 100° C., with a sensitivity of plus-minus 0.015° C. 
within the flasks. Intended for metabolic studies not requiring the measure- 
ment of gas exchange. Accommodates two types of racks for holding beakers 
or Erlenmeyer flasks. Shaking speed is constant regardless of line-voltage 
fluctuations. Has provisions for gassing. Flasks may be simultaneously 
cooled, gas equilibrated, incubated, or boiled. Many other features described 
in BULLETIN L-2239. 


LIGHT-SCATTERING MICROPHOTOMETER 


Measures from 20 micro-microl to 20 lumens, absolute turbidity, dis- 
symmetry, depolarization, f fluor , reflect ; phosph , optical 
density, and tical tr i Has outlet for connection to a recorder. 
BULLETIN L- 2241, 


PHOTOMULTIPLIER MICROPHOTOMETER 


For precise measurement and comparison of light intensities at selected 
wa gths es from 20 micro-microlumens to 20 | densities 
from 0 to 11, and phototube currents from 10° to 10'' amperes. Range can 
be extended with neutral filters. BULLETIN L-2190. 


Other r¢mince Laboratory Tustraments 


Freeze-dry Apparatus Incubators Thermoregulators 
Centrifuges Ovens Relays 
Pipetting Machines Sterilizers Pumps 
Optical Absorption Cells Mechanical Dialyzers Stirrers 
Constant Temperature Baths Flame Photometers Immersion Heaters 
Coleman Spectrophotometers, Fluorometers, Nephelometers, 
Colorimeters, and pH Meters 


AMERICAN INSTRUMENT COMPANY, INC. 
Silver Spring, Maryland ¢ In Metropolitan Washington, D. C. 


ELECTROPHORESIS 
APPARATUS 


SHAKER-INCUBATOR 


LIGHT-SCATTERING 
MICROPHOTOMETER 


PHOTOMULTIPLIER 
-MICROPHOTOMETER 
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Ready in March - - - WILLIAM S. HOFFMAN'S 


The Biochemistry of Clinical Medicine 


This new book, by an author widely recognized for 
his work both in the laboratory and in clinical medi- 
cine, will be greeted with great interest. It has been 
especially planned and written to meet the needs of 
the medical student and of the practicing physician. 


The scope is comprehensive but without weighty 
technical descriptions or page upon page of involved 
formulae. 


Dr. Hoffman’s chief aim is to demonstrate the actua/ 
clinical use of that current biochemical knowledge 


which will contribute most toward restoration o: 
normal physiologic and nutritional states. The 


approach, therefore, is the dynamic one. 


Especially detailed discussion is given to such dis- 
orders as diabetes, Bright’s disease, hepatitis, cir- 
rhosis, gout, and fluids and electrolytes. 


A major feature, and one which will contribute 
immeasurably to the book’s acceptance, is the c/arity 


of presentation. 


By William S. Hoffman, Ph.D., M.D., Professorial Lecturer in Medicine, 

University of Illinois; former Director of Biochemistry, The Hektoen 

Institute for Medical Research of Cook County Hospital, Chicago. 
Approx. 650 pages. 


THE YEAR BOOK PUBLISHERS, INC., 200 East Illinois St., Chicago iI, Illinois 


PHOTOVOLT 


Clinical pH Meter Mod. 125-B for 
Blood pH Tests 


High accuracy, combined with simplicity of 
operation and maintenance. 165.- 


Write for Bulletins Nos. 118 and 122 to: 


PHOTOVOLT CORP. 
95 Madison Ave. New York 16, N. Y. 


Also: Densitometers for Paper Electrophoresis ¢ Clinical 

Colorimeters Fluorimeters * Hemoglobinometers Ex- 

posure Photometers fo: y Fluorescence 
Comparators for Diagnex Test « Interference Filters 


URICASE 


Soluble, Highly Active 


Suitable for Spectrophotometric 
Uric Acid Assay 


8B GLUCURONIDASE 
Soluble, Salt Free 


70,000 Fishman Units per gram 


XANTHINE OXIDASE 
write for bulletins 
lipoxidase — d amino oxidase 


pectin esterase — lysozyme 
arginase — rhodanese — 3 glucosidase 


WORTHINGTON BIOCHEMICAL 
CORPORATION 


Freehold, New Jersey 
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RAPID AND 
ACCURATE 
MEASUREMENT 
OF BLOOD GASES 
wtth 
FISHER 


AN SLYKE BLOOD 
AS APPARATUS 


AACA 


The Fisher Improved Van Slyke 
Manometric Apparatus greatly simpli- 
fies calculations in the analyses of blood 
gases, adds greater precision to the 
final result. The barometric pressure, a 
factor in the volumetric apparatus, is 
eliminated. 

The Manometric Van Slyke uses a 
principle based on determining the pres- 
sure exerted by the gas from the blood 
sample after its volume has been ad- 
justed to a known value. The larger 
and constant volume used increases 


Mf 


WRITE to Dept. Y for more in- 


FISHER 


reproducibility. The pressure is meas- 
ured as accurately as the volume. There- 
fore overall precision is increased. 

The ease and accuracy with which 
small amounts of gas evolved from solu- 
tions can be measured in this apparatus 
has led to its use for micro determina- 
tions of many substances other than 
blood gases. 

The manometer is graduated from 0 
to 640 mm and is mounted over a 
narrow slit on the front panel. Both the 
slit and the manometer are illuminated. 


SCIENTIFIC 


formation on our complete line of PITTSBURGH (19) NEW YORK (14) MONTREAL (3), P.Q. 
Blood Gas Apparatus and other 717 Forbes St. 635 Greenwich St. 904 St. James 
2850 S. Jefferson Ave. 7722 Woodbury Dr. 245 Carlaw Ave. 


Silver Spring, Md. 
America’s Largest Manufacturer-Distributor of Laboratory Appliances and Reagent Chemicals 
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... a well-proven powerful hypotensive 
agent—for use in certain types 

of hypertension and peripheral 
vascular disease 


. . . patients must be properly selected 
and dosage closely controlled — 
particularly initially 


. . . detailed information available 
on indications, dosage, and 
precautions. 


FOR INJECTION 

*HEXAMETON’ Chloride brand Hexamethonium 
Chloride Injection 

Each cc. contains 25 mg. or 100 mg. 
Hexamethonium ion 


Each strength in multiple-dose 
vials of 10 cc. 


FOR ORAL USE 


*HEXAMETON’ Chloride brand Hexamethonium 
Chloride Compressed 250 mg. 
and 500 mg. 


Both strengths scored 


Each strength in bottles 
of 100 and 1,000 "= 


BURROUGHS WELLCOME &@ Co. (U.S.A.) INC. & Tuckahoe 7, New York 


LANCASTER PRESS, INC., LANCASTER, PA, 
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